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1 Introduction

3D printing, which is also referred as additive 
manufacturing, is a process in which a scaffold 
architecture is initially designed with computer-
aided design (CAD) file and subsequently 
fabricated in a layer-by-layer manner[1]. 
3D printing can overcome the limitations 
of traditional scaffold fabrication methods 
in terms of scaffold interconnectivity and 

reproducibility[2-5]. SBE 3D printing is one of 
the most popular 3D printing techniques. The 
biomaterials are placed in solvents to create 
inks; these inks are extruded from nozzles as 
filaments in layer-by-layer manner to form the 
scaffold structure[6-10]. The currently utilized 
ink biomaterials are natural polymers, synthetic 
polymers, ceramics, and their combinations. SBE 
3D printing has been performed with or without 
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cells to create tissue scaffolds for heart valve 
tissue[11,12], bone tissue[13,14], cartilage tissue[15], 
blood vessel[16], and skin tissue[17]. Recently, a 
concept study has described building a scaffold 
with simultaneous control over multiple 
biomaterial inks in the desired combination to 
create biomimetic and functional scaffolds that 
closely mimic natural tissue[18]. Despite these 
advances, the lack of feasible inks, particularly 
bio-composite ink, prevents the clinical use of 
current SBE 3D printed scaffolds. Scaffolds 
with appropriate levels of filament uniformity 
cannot easily be obtained; in addition, there is 
a poor fidelity between the structures of printed 
scaffolds and the computer models of these 
structures[11,19].

In this review paper, the biomaterials used in 
SBE 3D printing of TE scaffolds are considered. 
The ink rheology, cross-linking mechanisms, and 
processing parameters are described. The SBE 
structure, mechanical properties, biodegradation 
mechanisms, and biocompatibility, of 3D printed 
scaffolds, are also discussed. This paper also 
provides an overview of SBE 3D printing for TE 
applications and discussed printing-related factors. 
Hopefully this paper will provide guidance to 3D 
printing researchers, which facilitates improvements 
of scaffold design and reproducibility.

2 SBE 3D printing types in TE

The SBE 3D printing technique involves extruding 
a continuous filament of ink containing biomaterials 
with or without cells through a nozzle to form 3D 
woodpile structures in a layer-by-layer manner. 
The SBE 3D printer includes a three-axis position 
system, print head, and print platform. The print 
head is moved to appropriate locations on the build 
platform by the three-axis position system; inks 
are extruded from the syringe on the print head 
in the X, Y, and Z directions[9,10,20]. The printed 
filament resolution is dependent on the print head 
nozzle diameter, which can be varied in the range 
of 10–1000 µm. As shown in Figure 1A-C, SBE 
3D printing can be classified as pneumatic driven, 
piston-driven, and screw-driven based 3D printing. In 
pneumatic-driven based printing, the inks are forced 
through the nozzle by control over the compressive 
air pressure. In the piston and screw-driven based 3D 
printing, inks are extruded by regulating the motor 
rotation speed. Among these three classifications 
of SBE 3D printing approaches, pneumatic-driven 
based 3D printing is more suitable for printing ink 
containing cells since the sterilized air can minimize 
contamination[21,22]. Piston and screw-driven based 
3D printing can provide larger deposition forces 
compared with pneumatic-driven based 3D printing; 

Figure 1. SBE 3D printing types, pneumatic-driven based 3D printing (A); piston-driven based 3D printing 
(B); screw-driven based 3D printing (C); a schematic showing the factors that influence SBE 3D printing.
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these approaches are compatible with the printing of 
relatively high viscosity inks. However, screw-driven 
based 3D printing is not suitable for the printing of 
cell-laden inks since the shear stress generated on the 
blade may cause cell damage[23,24].

There is a wide variability among different tissues 
and organs in terms of their material composition and 
mechanical properties[25-27]. As such, functionalization 
of 3D scaffolds is dependent on material and mechanical 
parameters and should be tailored according to these 
parameters as appropriate. For the development of 
such scaffolds with SBE 3D printing, several factors 
should be considered (summarized in Figure 1D). 
These include (a) biomaterial selection for the ink, 
(b) investigation of the ink rheological behavior, 
(c) printing process parameters, and (d) assessment 
of printed scaffold regarding structure, mechanical 
properties, degradation, and biocompatibility.

3 Ink biomaterials for SBE 3D printing in TE

3.1 Ink materials with cells for SBE 3D printing

Biomaterials used in scaffold fabrication are mixed 
with solvents to create the liquid feedstock for 
SBE 3D printing. Table 1 summarizes the use of 
SBE 3D printing with or without living cells for 
TE. Biomaterials used with living cells in scaffold 
fabrication should not only provide an appropriate 
environment for cell survival but also should be 
compatible with the printing process. The formulated 
biomaterial solution is often called a bioink and the 
processing approach is referred as bioprinting. The 
most commonly used biomaterials for bioprinting 
are hydrogels (either natural or synthetic hydrogels); 
these biomaterials can provide mild aqueous 
environment to the cells during the printing process. 
The hydrogels used in SBE 3D printing with cells 
includes alginate, hyaluronic acid, collagen, gelatin, 
and silk[12,17,28-30].

Duan et al.[12] formulated hydrogel inks with 
hyaluronic acid and gelatin; they incorporated 
human aortic valve interstitial cells (HAVICs) 
within these inks for 3D bioprinting of heart valve 
conduits. An increase in the gelatin concentration 
resulted in a lower ink stiffness and a higher 
viscosity; these parameters facilitated cell spreading 
and maintenance of a better HAVIC fibroblastic 

phenotype. They described the dependence of the 
bioprinting accuracy on the hydrogel concentration; 
optimization of the ink concentration enable the 
fabrication of a heart valve shape that matches 
the original design. Wüst et al.[31] evaluated 
a combination of alginate and gelatin with 
various amounts of hydroxyapatite (HA); human 
mesenchymal stem cells (hMSCs) mixed into the 
hydrogel/HA inks survived the printing process. 
The in vitro results show high cell viability, with 
an 85% cell viability rate after 3 days. The elastic 
modulus of the alginate-gelatin composite discs 
increased with the HA concentration. However, the 
ink became more viscous as the HA concentration 
was increased; as such, it is difficult to print 
HA-containing inks. They indicated that control 
of the tip temperature affected the viscosity of the 
bioink; increasing the temperature can convert the 
ink to liquid form, eliminating the clogging issues 
at the dispenser tips.

Notably, more viscous inks require larger 
pressures for extrusion from the nozzle; as such, 
cells in the bioinks are exposed to process-induced 
forces (i.e., shear stress). The deformation of the 
cell membrane can occur if the applied force is 
too high. As such, the shear stress is a key factor 
that needs to be evaluated during bioprinting. 
Blaeser et al.[32] developed a fluid dynamics model 
and performed in vitro experiments to understand 
shear stress at the nozzle site. The results show 
that the generated shear stress is affected by the 
hydrogel ink viscosity, extrusion pressure, and 
nozzle dimensions. Mouse fibroblasts can exhibit 
cell viability of 96% if exposed to shear stress of 
<5 KPa; viability is decreased to 90% and 75% 
for the shear stress of 5–10 kPa and more than 
10 KPa, respectively.

3.2 Ink materials without cells for SBE 3D 
printing

The cells do not need to be placed within the 
inks. The printed scaffolds can serve as a support 
structure to facilitate tissue regeneration on 
the inherent recovery properties of the tissue. 
Direct ink writing (DIW) is a common applied 
method for printing inks that do not contain 
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cells. Ghosh et al.[33] printed tissue scaffolds and 
microvascular networks using the DIW technique; 
they fabricated a scaffold with a silk fibroin 
solution ink; the extruded filament was deposited 
in a methanol-rich reservoir for crystallization. In 
vitro studies suggest that the scaffolds supported 
hMSC adhesion and growth as well as higher 
chondrogenic differentiation under chondrogenic 
conditions. Miranda et al.[34] used the DIW 
technique to produce scaffolds with precise 
porous features using concentrated TCP and HA 
inks with suitable viscoelastic properties. The 3D 
printed ceramic scaffolds have shown promising 
results for potential use in bone tissue repair; 
their application is limited due to their brittleness. 
The incorporation of a polymer material with a 
ceramic ink is a promising approach to overcome 
this limitation. The combination of polymer and 
ceramic components can also mimic the organic 
and inorganic components of natural bone tissue. 
Sun et al.[16] developed scaffolds composed of 
a gradient array of silk/HA, which supported 
the cocultures of hMSCs and human mammary 
microvascular endothelial cells (hMMECs). The 
histology results indicate that the hMSCs and 
hMMECs form intricate networks of extracellular 
matrix within the 3D scaffolds.

Some synthetic polymers are not water-soluble 
and must be mixed with organic solvents to form 
solutions; these polymers can often provide 
better mechanical strength than natural polymers. 
Considering the toxicity of many organic 
solvents, cells may not be incorporated within 
synthetic polymer-laden inks. Several synthetic 
polymers have been used in SBE 3D printing, 
including polycaprolactone (PCL), polylactic acid 
(PLA), poly (lactic-glycolic acid) (PLGA), and 
their copolymers. Serra et al.[35] used PCL and 
bioactive CaP glass to fabricate 3D scaffolds with 
orthogonal and displaced double-layer patterns. 
Their results indicate that scaffolds containing 
CaP glass particles exhibited increased roughness 
and hydrophilicity. The preliminary cell response 
of these materials was studied with MSCs; this 
study revealed that CaP glass improved cell 
adhesion. Gonçalves et al.[36] fabricated scaffolds 
out of composites containing PCL, nano-HA, and 
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carbon nanotubes (CNT). The CNT improved the 
mechanical behavior of the scaffolds. The in vitro 
results showed that HA improved bioactivity; 
good cell adhesion and spreading were noted on 
the scaffold surface. Although the use of SBE 3D 
printing to create polymer/ceramic composites is 
promising for TE applications, only a few studies 
to this point have investigated the ink printability 
and processing parameters. Additional studies 
should be performed to understand optimization 
of the ink rheology, processing parameters, and 
cross-linking mechanisms for fabrication of SBE 
scaffolds.

3.3 Ink rheological behavior in SBE 3D printing

The biomaterial ink solution should have 
appropriate rheology since the printed structure is 
prone to collapse if the viscosity of the solution is 
low. Inks with the non-Newtonian flow and shear 
thinning behavior are preferred. In shear thinning, 
high shear rate causes the viscosity of the material 
solutions to decrease so that it easily flows through 
the needle. The cells within the ink can influence 
ink rheology; they can be seen as “non-soluble” 
microparticles suspended in the solution. Ning et 
al.[37] investigated the influence of various types of 
cells and cell density on the viscosity of alginate ink. 
The results reveal that the viscosity of pure alginate 

ink was higher than those of inks containing three 
types of cells. As the cell density in the alginate 
inks is increased, a reduction in viscosity can be 
obtained. The results suggest that cells containing 
cytoplasm can be treated as a fluid with low 
viscosity; as such, the interactions among cells 
likely act as lubricants and reduce the viscosity[38]. 
Dávila and d’Ávila[39] formulated laponite/alginate 
inks without cells and analyzed the ink rheology in 
terms of viscosity, viscoelasticity behavior, and ink 
recovery behavior. As the laponite concentration 
increased from 0 to 6 wt%, an increase in viscosity 
was noted at the same shear rate (Figure 2A). 
Higher laponite concentrations causes strong 
shear-thinning behaviors. Understanding the 
viscoelastic behavior of the ink through evaluation 
of storage and loss modulus values can determine 
if the material behaves more like a “viscous flow” 
or “elastic gel.” Figure 2B shows the oscillation 
shear test results of laponite/alginate inks; by 
increasing the concentration of laponite particles, 
the gap between storage modulus and loss modulus 
is increased. In addition, the ink recovery behavior 
was also investigated to mimic the ink extrusion 
process from the nozzle. Figure 2C shows the results 
of viscosity recovery studies. It was observed that 
the ink viscosity recovered almost instantaneously 
when a high shear load was removed; this result 

Figure 2. The relationship between viscosity (η) and shear rate ( γ ) for the inks with 1 wt% alginate and 
a laponite concentration (cL) between 0 and 6 wt% (A); storage modulus (G’) (elastic modulus) and loss 
modulus (G’’) (viscous modulus) as a function of strain (γ) (B); viscosity as a function of the time (t) for 
the ink recovery test (C); microscopy images of the extrusion of alginate/laponite inks with the laponite 
between 0 and 6 wt%. The scale bar is 1 mm (D)[39].
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is associated with elastic energy stored by the 
alginate chains. As shown in Figure 2D, filament 
formation with several concentrations of laponite 
was evaluated; filaments were formed at laponite 
concentrations greater than 5 wt%. The ink solution 
with higher viscosity is relatively more difficult 
to flow or spread; this phenomenon can serve to 
maintain the printed filament shape.

3.4 Ink cross-linking mechanisms for SBE 3D 
printing

Apart from increasing the ink concentration[40] and 
adding ceramic nanoparticles[39], ink cross-linking 
is a method to improve the ink elastic modulus 
and facilitate filament formation. Particularly 
in the case of a hydrogel-based ink, the cross-
linking procedure can facilitate the transition 
from solution to gel. The most common used 
cross-linking procedures include ionic, covalent, 
thermal, and photo-cross-linking. Ionic cross-
linking occurs when a water-soluble and charged 
polymer undergoes cross-linking with an ion of 
opposite charge[38]. It is an important mechanism 
in bioprinting since it enables mild and instant 
gelation of hydrogel bioinks. The cross-linking 
solution can be mixed, immersed, or sprayed with 
the ink during the printing process. Freeman and 
Kelly[41] investigated alginate ink stiffness by 
varying the calcium chloride (CaCl2) crosslinking 
ratio. The results indicate that the spatial 
microenvironment was found to have a significant 
effect on the differentiation of MSCs within the 
alginate bioinks; stiffer regions of the printed 
construct preferentially supported osteogenesis 
over adipogenesis. Chung et al.[42] incorporated 
gelatin within an alginate solution; the alginate/
gelatin scaffold showed better print resolution 
than the alginate scaffold after CaCl2-crosslinking. 
In addition, alginate hydrogels can form covalent 
crosslinking through reacting with poly (ethylene 
glycol)-diamine[43]. Liu and Li[40] combined a 
covalent cross-linking polyacrylamide and ionic 
cross-linking k-carrageenan to synthesize the 
k-carrageenan/polyacrylamide double-network 
hydrogels. Their results showed that newly 
synthesized hydrogels displayed high elastic 

modulus values and biological functionality[44]. 
Ouyang et al.[45] studied thermal cross-linking by 
investigating the influence of printing temperature 
on ink printability and the viability of embryonic 
stem cells. They defined the bioink printability 
based on the printing of a square shape. The 
temperature was shown to affect the gelation 
degree. Samples at 30°C were proper gelatin; on 
the other hand, 25°C resulted in over gelation. 
It should be noted that gels formed by thermal 
cross-linking usually lack sufficient mechanical 
strength; furthermore, the incorporated cells 
would be sensitive to temperature changes.

Photo-cross-linking is the photoinduced 
formation of a covalent bond between 
macromolecules to form a cross-linked network 
with illuminated light. Ultraviolet (UV) light is 
commonly used for polymer cross-linking[38,46]. 
Schuurman et al.[47] investigated the stiffness of 
gelatin methacrylate after exposure to various UV 
light doses. The results shows that compressive 
modulus increases with UV exposure time. 
Hyaluronic acid is a material that is commonly 
used for cartilage tissue repair due to its structural 
and biological properties. However, unmodified 
hyaluronic acid exhibits poor stability. To solve 
this issue, photo-cross-linkable dextran derivates[48] 
or acrylate pluronic[30] were added to improve 
the mechanical properties and printability of 
hyaluronic acid ink. The incorporated chondrocytes 
showed good compatibility with the formulated 
inks and high cell viabilities. They indicate that 
the photo-cross-linking procedure can be used 
with cell-containing inks since light exposure is a 
minimally invasive process.

3.5 The processing parameters for SBE 3D 
printing

In addition to the ink material, ink rheology, 
and cross-linking mechanism, the processing 
parameters also affect the performance of the SBE 
3D printing process. The processing parameters 
in SBE 3D printing include the extrusion rate, 
needle-moving speed, substrate, and parameters 
of the scaffold. The extrusion rate can be affected 
by several factors, including the ink rheology, 
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extrusion pressure, and needle parameters. The 
ink velocity alongside the needle (Vz(nozzle)). and the 
corresponding extrusion rate (Qz(extrusion)). follow 
the power-law equation; these parameters can be 
calculated using Equation 3.1 and 3.2[49]:

1 n 1
n n
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1 2
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In this equation, K is the consistency index, 
and n is the power-law index. K is associated with 
the magnitude of the viscosity, and n defines the 
viscosity behavior; n < 1 for a shear-thinning ink[49]. 
As shown in Figure 3A, R is the needle radius, L 
is the length of the needle, and ∆P is the extrusion 
pressure drop along the needle. Equation 3.1 
represents the velocity along the needle length; 
this equation shows that the velocity distribution 
of printed inks inside the needle is not constant. 
The parameter Vz(nozzle) reaches a maximum in 
the core of the needle and is zero at the needle 
wall. Equation 3.2 shows that the extrusion rate is 
associated with the extrusion pressure and needle 
radius. The filaments are formed depending on 
the movement of the needle in the XY plane. The 
printed filament can be quantitively described; 
it can be simplified as a cylindrical object by 
neglecting the spreading of the ink. There is a 
relationship between the extrusion rate and the 
printed filament speed Vnozzle(xy) within a certain 
period of time. The relationship among these 
parameters is represented in Equation 3.3[38].

  
z(extrusion)

nozzle(xy) 2

4Q  
V =

 Dπ
 3.3

In this equation, D is the inner diameter of the 
applied syringe. The equation indicates that the 
printed filament diameter is proportional to the 
extrusion rate at a constant printing speed Vnozzle(xy). 
Ideally, the printed filament diameter should be the 
same as the nozzle diameter by manipulating the 
printing speed and extrusion rate within a defined 
range. If the printing speed higher than the range, 
the printed filament will be stretched; the filament 

diameter will subsequently decrease. If the printing 
speed lower than the range, ink accumulation will 
occur and the filament diameter will increase.

The substrate can affect filament formation. 
As shown in Figure 3B, two filaments were 
formed with different contact angle values on 
the substrate; the structure of a filament with a 
large contact angle value can be maintained. 
On the other hand, a small contact angle value 
can improve the stability of the scaffold. In 
most cases, the substrate (e.g., glass) can have 
large contact angles with the filament. By 
coating the substrate with a thin layer of one or 
more chemicals (e.g., polyethyleneimine), the 
substrate properties can be modified to decrease 
the contact angle[38,50]. Meanwhile, the pore 
geometry in the Z direction is more determined 
by the ink rheology, needle dimensions, and 
needle movement distance in the Z direction. 
In Figure 3 (C), ∆h is caused by two adjacent 
filament layers that vertically fusion together. 
Since the scaffold is formed in a layer-by-layer 
manner, a dripping ink will form at the needle 
tip if the distance between the needle tip and the 
substrate is larger; this process interrupts the 
continuity of filament formation. If the needle tip 
is too close to the substrate, the extruded filament 
will be scratched by the needle; as a result, the 
filament diameter will be increased.

Appropriate maintenance of the shape of 
the extruded filament is necessary to support 
the structure without collapsing. He et al.[19] 
studied ink printability by investigating filament 
printing of the first layer and optimized printing 
parameters. As shown in Figure 4A, they 
indicate that an overlapping problem may occur 
when printing filaments with different angle 
orientations. This problem can result in material 
accumulation at the overlap site and cause 
uneven layer heights. Furthermore, diffusion 
should be considered when designing scaffold. 
As shown in Figure 4B, the lattice structures with 
various pore width (DL) values were compared. 
The results showed that diffusion between two 
adjacent lines on the same layer could cause 
overlapping when the DL was1 mm; when the DL 
was 4 mm, the extent of diffusion was much less.
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4 SBE 3D printed scaffold assessment

4.1 SBE 3D printed scaffold structure and 
mechanical properties

The solvents used in SBE 3D printing can cause 
scaffold shrinkage after drying; shrinkage can 
result in changes to the scaffold structural and 
mechanical properties. The 3D printed scaffold 
structures need to be evaluated before use in vitro or 
in vivo. There is no standardized method to quantify 
the difference between the theoretical CAD design 
and the printed structure. A common evaluation 
approach involves the measurement of the printed 
filament diameter and the filament distance from 
microscopy or SEM images. He et al.[19] developed 
a method to measure the intersection area formed 
by filaments in microscopy images (Figure 4C). 
They found that the area of the rectangle (ARe) 
obtained from experiments was much smaller 
than the theoretical rectangle area (ARt). They also 

investigated the relationship between filament 
distance and diffusion rate (φ). Micro-computed 
tomography (micro-CT) can also be used to 
evaluate the scaffold pore dimensions, porosity, 
and pore interconnectivity. Hockaday et al.[11] 
performed surface deviation analysis by micro-CT 
imaging of SBE 3D printed valve scaffolds with 
inner diameters of 22, 17, and 12 mm. The results 
of this study indicate that the printing accuracy 
decreased as the scaffold geometric size was 
reduced.

The SBE 3D printed scaffold should have 
appropriate mechanical properties (e.g., stiffness) 
that match with those of the host tissue. Natural 
polymer and synthetic polymers are often 
combined with bioactive materials to achieve 
higher mechanical strength and better biological 
activity. Serra et al.[35] fabricated scaffolds with two 
types of geometries using two groups of materials, 
namely PLA/PEG and PLA/PEG/bioactive CaP. 

Figure 3. The schematic of ink flow inside the printing needle (A); the first layer of filament formation 
on the substrate (B); the fusion process of two filament layers in the vertical direction within the printed 
woodpile structure (C).
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B
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The results indicate that the compressive modulus 
of scaffolds with bioactive CaP was higher than 
those without bioactive CaP for both scaffold 
geometries. Jakus et al.[13] formulated inks with 
PCL/PLGA/nano-HA mixtures; the printed 
scaffolds had hyperelastic characteristics. The 
results of the axial compressive loading showed 
that the scaffolds remained compliant and elastic; 
they underwent cycles of up to 25% compression 
without permanent deformation. Although 
scaffolds fabricated with SBE 3D printing have 
shown some success for bone tissue repair, 
the mechanical properties of the scaffolds are 
currently inferior to those of human cortical bone. 
Several studies tried to solve this problem by 
reinforcing the material. Srivas et al.[51] produced 
porous polymer/Ti6Al4V scaffolds using SBE 3D 

printing; the porosity and pore size of the printed 
scaffolds were assessed using micro-CT scanning. 
The results indicate that the scaffold exhibited 
less drying shrinkage. The compressive strength 
and elastic modulus values were 39.58±4.56 
MPa and 450±7.21 MPa, respectively. Lacroix[52] 
applied a computational method to investigate the 
fluid dynamic environment within the micro-CT 
reconstructed scaffolds at the pore level. Their 
results indicate that the 3D printed scaffold samples 
did not replicate the CAD design; the generated 
fluid velocity and fluid shear stress magnitude 
for the 3D printed scaffold samples were up to 
5 times higher than those for the CAD design. The 
variability among the 3D printed samples was also 
evaluated. These studies indicate that inspection 
methods should be used to understand the 

Figure 4. The schematic of overlap area in acute angle printing (A); the ink diffusion and fusion on the 
same layer when the DL was at 1-4 mm (B); the comparison of lattice area from theory and experiment as 
well as the relationship among line distance, line width, and diffusion rate (C)[19].
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structure, mechanical properties, and mechanical 
properties of the printed scaffolds.

4.2 SBE 3D printed scaffold degradation and 
biocompatibility

Degradation and biocompatibility are important 
parameters that affect the use of SBE 3D printed 
scaffolds for tissue repair. The degradation rate 
of scaffold material should be controllable, 
allowing the scaffold to be gradually replaced by 
an extracellular matrix that is released by nearby 
cells. The degradation rate can be manipulated 
by optimizing the cell/hydrogel ratio. Lowering 
the cell density and increasing the hydrogel level 
can extend the degradation time. Controlling 
the cross-linking procedure is another approach 
for optimizing the degradation rate[53]. A slower 
degradation rate can also be obtained by increasing 
the degree of cross-linking in the polymer[54,55]. 
Mixing the polymer with other polymers can 
also alter the polymer degradation rate[15,56,57]. 
Collagen, gelatin, and alginate hydrogel constructs 
were printed with human corneal epithelial cells 
incubated with a medium containing sodium 
citrate to obtain degradation-controllable cell-
laden tissue constructs. The results indicate that 
the degradation time of the bioprinting constructs 
can be controlled by altering the mole ratio of 
sodium citrate to sodium alginate. The results of 
this study showed that the printed cells exhibited a 
higher proliferation rate and greater cytokeratin-3 
expression[58].

For cell-free scaffolds, the degradation rate 
can be controlled by incorporating various 
combinations of hydrophobic and hydrophilic 
synthetic polymers[59-61]. Bioceramics can provide a 
range of degradation rates; in addition, these materials 
are capable of stimulating biomineralization for 
bone tissue repair[62,63]. Kolan et al.[64] plotted PCL/
bio-glass composite scaffolds with and without the 
presence of hydrogel; the biodegradation rate was 
investigated by soaking the scaffold in the culture 
medium. A consistently higher weight loss was 
noted over one week for PCL/bio-glass scaffolds 
printed with hydrogel in comparison to those 
printed without hydrogel. The combination of 

biodegradables material with ceramics or polymers 
has also been investigated[65,66]. For example, Wong 
et al.[66] developed a biodegradable composite 
composed of PCL and magnesium; they indicated 
that magnesium hydroxide was formed during 
the degradation of magnesium microparticles. 
This process may help to neutralize the pH since 
acidic by-products are produced during PCL 
degradation. The scaffolds containing magnesium 
microparticles exhibited low scaffold degradation 
rates; in addition, the elastic modulus of the 
composite scaffolds showed no differences after a 
2-month immersion period. The biological results 
showed significantly higher specific ALP activity 
and upregulation of bone-related markers in the 
Mg/PCL scaffold than in the pure PCL scaffold.

5 Summary and future perspective

Despite the remarkable achievements of SBE 
3D printing in TE, challenges remain that have 
prevented the translation of 3D printed scaffolds 
for clinical applications. First, new types of 
biomaterials, particularly bio-composite materials, 
would facilitate the clinical use of SBE 3D printing. 
The use of a single type of material is currently not 
able to produce a suitable environment for more than 
one functional cell type. The use of bio-composite 
materials in an organized pattern that matches the 
biodegradability, biocompatibility, and mechanical 
properties of natural tissue may be a more effective 
approach to create a suitable environment for more 
than one functional cell type[67].

Second, the ink rheology and processing 
parameters should be adjusted carefully so 
that multiple biomaterials and cell types can 
be simultaneously processed during scaffold 
fabrication[18]. The ink should exhibit a shear-
thinning behavior and recover quickly after the 
extrusion from the nozzle. The filament formation 
process should be evaluated to confirm that the 
printed filament diameter is close to the needle 
diameter. The processing parameters should be 
investigated to confirm the scaffold stackability. In 
addition, the shear stress that the cell experiences 
should be evaluated. A cell damage model should 
be developed to investigate the cell damage caused 
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by shear stress, which is induced by cell-cell and 
cell-material interactions during the printing 
process.

Third, there is a difference between the scaffold 
CAD model and SBE 3D printed scaffold after 
drying due to the solvent-based process; these 
variations also affect scaffold reproducibility. 
These differences can lead to unexpected 
variations affecting mechanical stimuli and 
cellular responses[68]. Micro-CT technology can be 
used to evaluate the scaffold pore size, porosity, 
and interconnectivity. Computational modeling 
is a cost-effective method, which can predict 
the mechanical stimuli that are detected by cells 
under in vitro or in vivo settings. Computational 
modeling methods and biological experiments 
can be used together to better understand the 
correlations among scaffold design, mechanical 
stimuli, and tissue regeneration performance[69,70].

The SBE 3D printing process begins with 
scaffold design, followed by biomaterial/cell ink 
formulation, scaffold manufacturing, scaffold 
culture, and implantation. The use of SBE 3D 
printing technologies for scaffold fabrication with or 
without cells remains fraught with many challenges. 
The ink biomaterials, ink rheology, processing 
parameters, and cross-linking mechanism affect the 
results of SBE 3D printing. Although encouraging 
results have been obtained from SBE 3D printing, 
challenges remain concerning the properties of 
current biomaterials, incorporation of multiple 
materials and cells, and poor reproducibility 
of the 3D printed scaffolds. Addressing these 
challenges will facilitate clinical translation and 
commercialization of SBE 3D printing.
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