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Three-dimensional (3D) extrusion-based bioprinting is widely used in tissue engineering and regener-
ative medicine to create cell-incorporated constructs or scaffolds based on the extrusion technique. One
critical issue in 3D extrusion-based bioprinting is printability or the capability to form and maintain
reproducible 3D scaffolds from bioink (a mixture of biomaterials and cells). Research shows that
printability can be affected by many factors or parameters, including those associated with the bioink,

printing process, and scaffold design, but these are far from certain. This review highlights recent de-
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velopments in the printability assessment of extrusion-based bioprinting with a focus on the definition

of printability, printability measurements and characterization, and printability-affecting factors. Key

issues and challenges related to printability are also identified and discussed, along with approaches or

strategies for improving printability in extrusion-based bioprinting.

© 2021 Xi'an Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The limited availability of appropriate organs to meet the
increasing worldwide demand for transplantation has resulted in
global organ shortage [1]. In the United States alone, more than
70,000 patients are waiting for organ transplants [2]. Tissue engi-
neering (TE) has emerged as a promising method to regenerate
human organs and tissues [3]. In particular, scaffold-based TE aims
to develop bio-constructs, i.e., so-called scaffolds, to eventually
replace, protect, restore, or repair damaged tissues, such as skin,
bladder, trachea, and myocardium, after implantation [4—10].
Three-dimensional (3D) printing has been driving significant TE
innovations, enabling the creation of variably complex biocom-
patible scaffolds suitable for transplantation [11]. One of the 3D
printing techniques (also known as additive manufacturing (AM))
widely used in TE is extrusion- or dispensing-based bioprinting
[11], where a mixture of biomaterials and cells (referred to as
bioink) is dispensed or extruded, layer-by-layer, to form a 3D
scaffold (Fig. 1) [12]. Typically, bioink needs to be crosslinked, a
process that promotes solidification of its liquid form during or

Peer review under responsibility of Xi'an Jiaotong University.
* Corresponding author.
** Corresponding author. Division of Biomedical Engineering, College of Engi-
neering, University of Saskatchewan, Saskatoon, SK, S7N 5A9, Canada.
E-mail addresses: san908@mail.usask.ca (S. Naghieh), xbc719@mail.usask.ca
(X. Chen).

https://doi.org/10.1016/j.jpha.2021.02.001

after printing. Depending on their nature, bioinks can be physically
or chemically cross-linked. Either way, scaffolds should be designed
and printed so as to recapitulate the biological and mechanical
properties of native tissue; these "biomimetic" scaffolds promote
successful and functional tissue regeneration [13,14]. To this end,
numerous efforts have been made to fabricate biomimetic scaffolds
using extrusion-based bioprinting. This review focuses on the key
issue of printability in the extrusion-based bioprinting process,
highlighting the factors that can affect printability, reviewing
methods to measure/characterize/improve printability, and iden-
tifying associated issues and challenges for future endeavors.

2. Definition of printability and its significance

Printability is the capability to form and maintain reproducible
3D scaffolds from bioink using the bioprinting technique. Print-
ability affects the structure of the printed scaffolds, and as a result,
affects their mechanical and biological properties. Live cell-
incorporated structures can be fabricated using the extrusion-
based bioprinting technique. For this purpose, hydrogels have
been widely used because of their cell-friendly environment and
high water content. Hydrogels can be crosslinked physically or
chemically to facilitate the creation of a bioprinted 3D structure.
The crosslinking of hydrogels is a time-intensive process, and as
such, the hydrogel can flow or spread and thus substantially deviate
from the desired design. Owing to the poor printability of hydro-
gels, printed scaffolds may sometimes even collapse and fail to

2095-1779/© 2021 Xi'an Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.

org/licenses/by-nc-nd/4.0/).


http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:san908@mail.usask.ca
mailto:xbc719@mail.usask.ca
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpha.2021.02.001&domain=pdf
www.sciencedirect.com/science/journal/20951779
www.elsevier.com/locate/jpa
https://doi.org/10.1016/j.jpha.2021.02.001
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jpha.2021.02.001
https://doi.org/10.1016/j.jpha.2021.02.001

S. Naghieh and X. Chen

Journal of Pharmaceutical Analysis 11 (2021) 564—579

Bioink

Fig. 1. Schematic of extrusion-based bioprinting technique (inset is a cell-incorporated alginate scaffold, reproduced with permission from Ref. [12]).

form a 3D structure. The printability concept is important because
the difference between a printed scaffold and the ideal design can
impact the mechanical and biological properties, including me-
chanical strength and cell functions [15—18].

Printability can affect the shape fidelity of bio-fabricated scaf-
folds generated using the extrusion-based technique, and by
extension, cell performance [19—21]. Printability is essential in the
sense that the structure of a scaffold controls the morphology and
growth of cells after printing, the cultivation of which is already a
challenging issue in TE [22]. Cell-incorporated hydrogels should be
deposited as per designs intended to recapitulate the properties of
natural organs or tissues because the printed structure can affect
cell fate after printing [22]. Poor printability can cause cell damage
and result in tissue malfunction. Cell printing studies are also often
quite expensive, so determining the correct printing parameters by
trial and error is impractical [23]. Finally, yet importantly, print-
ability affects the mechanical behavior of the 3D-printed scaffolds.

3. Key factors affecting printability

The factors affecting printability can be classified into three
categories: scaffold design, bioink, and printing process (Fig. 2)
[24]. These will be elaborated upon in detail in subsequent sections.
Briefly, scaffold design-related parameters that can influence
printability include the pore size (spacing) strand (filament)
orientation, and layer thickness. Two critical factors related to the
bioink are its flow behavior and physical properties. Relevant
printing process parameters include the crosslinking mechanism
and printing parameters such as pressure and speed.

3.1. Scaffold design and printability

Several factors associated with scaffold design influence print-
ability, including strand orientation, pore size (spacing), and layer
thickness. However, a limited number of studies have identified key
elements that play a significant role in printability from a scaffold
design perspective.

The orientation of strands dictates the configuration and inner
pattern of a designed model based on layer-upon-layer printing to
create a 3D scaffold (Fig. 3). Strand orientation can affect the surface
porosity of a scaffold (side-walls), by 5- to 10-fold, and also the
overall porosity [25]. Furthermore, the orientation of the strands
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can affect the amount of deposited bioink. Changing each strand's
orientation near the edge of the scaffold to 45° instead of 90° re-
quires a smaller amount of bioink; larger pore sizes can also be
achieved using a 45° inner pattern [25]. Since 2000, many studies
have emphasized the effect of strand orientation on the mechanical
properties of scaffolds [26—28].

Several studies have considered the effect of pore size on cell
performance [15,16] and mechanical properties [17,18]. More spe-
cifically, numerous studies have considered the impact of strand
orientation on mechanical properties, but few have considered the
effect on printability. One study showed that the distance between
strands, defined as the pore size, of a scaffold selected in a model
can affect the printability of scaffolds made of a mixture of
carboxymethylcellulose and alginate [29]. A filament collapse test
can be used to investigate the effect of pore size on printing quality
[29—31]. However, little is known about the effect of pore size on
the printability and structural integrity of printed hydrogels.

Layer thickness is another scaffold-design-related parameter.
Some studies consider the effect of layer thickness on the geometric
accuracy and printing process time [15]. Layer thickness can in-
fluence pore size, and changing the layer thickness during printing
can achieve more accurate pore sizes [32]. The main reason for
changing the layer thickness during the printing process is that,
from the top to the bottom of a scaffold, the pore size does not
remain constant when a constant layer thickness is used during the
printing process. This change in pore size is due to the weight of
subsequent layers and pressure fluctuation during the printing
process. Scaffolds with more accurate geometries have been
fabricated using smaller layer thicknesses. A recent study showed
that a 30 pm increase in layer thickness not only improved the
production rate but also had no effect on the fatigue performance,
dimensions, and geometry of scaffolds [33]. Nonetheless, few
studies have considered the effects of layer thickness on printability
[15]. Fig. 4 [15] shows the effect of layer thickness on the accuracy of
a printed scaffold. More systematic studies are needed to investi-
gate the effect of layer thickness on the printability of printed
scaffolds.

In recent years, extrusion-based bioprinting has enabled the
possibility of printing advanced constructs such as those with
gradient constructions. For instance, some studies have aimed to
replicate the zonal structure of cartilage by improving the scaffold
design [34]. Other studies have focused on the creation of human-
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Fig. 2. Key factors affecting the printability of scaffolds fabricated by the extrusion-based 3D bioprinting technique (reproduced with permission from Ref. [24]).

scale tissue structures with structural integrity [1]. Based on the
application, different patterns can be used to create such complex
structures. 3D hydrogel square honeycomb scaffolds have been
created using the AM technique, as this pattern can facilitate
in vitro studies on hippocampal neurons; honeycomb patterns have
also been used to induce spheroid formation by human bone
mesenchymal cells to enhance differentiation [35]. Zigzag is
another type of pattern used to create hydrogel scaffolds that need
any type of support owing to its curvature and has been imple-
mented to create complex tissue structures [36]. Square waveform
patterns are also used for hydrogel scaffold creation. This pattern
enhances nutrient and drug diffusion to the core of the strands
extruded layer-by-layer, and its high surface area to volume ratio
makes it useful for introducing structural cues [37]. Space-filling is
another type of pattern used for continuous extrusion to improve
the printability of complex constructs [38]. This pattern has also
been used to facilitate cell adhesion and faster growth [39]. Despite
this progress, there is much potential for further development [15],
i.e., production of constructs with clinically relevant sizes and
structural integrity. With respect to constructs with clinically
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Fig. 3. Schematic of scaffolds with different strand orientations (0°, 45°, 60°, 90—120°,
and 135°).
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relevant dimensions, the major challenge is the feasibility of studies
focusing on the printability of these constructs. To this end, the use
of supports is a common approach; supports are required in the
printing of almost all complex constructs (such as ears) [11].
Another gap in research is related to the printability of functionally
graded structures, such as zonal scaffolds. Functionally graded
structures involve gradationally changing the material organization
within a structure to accomplish an intended function; however,
little is known about the bioprinting of such structures [40,41]. A
process for printing functionally graded scaffolds and determining
their printability through extrusion-based bioprinting is yet to be
developed. Quite often, simple cubic scaffolds are fabricated.

Several patterns, such as zigzag and honeycomb, have been used
to inspire other researchers to develop novel structures with
interconnected pores for scaffold fabrication (investigating the in-
fluence of strand arrangement/pattern, Fig. 5). Furthermore, scaf-
folds can be designed to be printed on either the inside or outside of
a defined border. Thereafter, continuous and non-continuous
strands can be selected during the scaffold design procedure,
which also might affect printability (Fig. 5).

A deflection test can be conducted to study the effect of pore size
on printability (Fig. 6). Some studies have conducted filament
collapse tests to determine the effect of pore size on printability and
shown the significance of pore size on printing quality [29—31].
However, little is known about the effect of pore size on the
printability and structural integrity of printed hydrogels. As noted
above, most studies focus on the influence of pore size on either the
behavior of cell or the mechanical properties of the scaffold. The
deflection test tool can evaluate different pore sizes in terms of
deflection. To this end, the effect of pore size (selected during
scaffold design) on printability is investigated by comparing the
actual and theoretical areas.

From a layer thickness perspective, scaffolds can be fabricated
according to different designs that assign different thicknesses to
other layers. The geometric accuracy and printing process time can
be affected by modulating the layer thickness [15]; however, more
accurate pore sizes can be achieved by changing the layer thickness
during the printing process [32]. For example, an increase in the
layer thickness of only 30 pum can improve the production rate and
printability [15,33]. Fig. 7 shows a 7 mm x 7 mm x 5 mm cubic
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Fig. 5. Different patterns for scaffold printing: (A) zigzag, (B) wave, (C) honeycomb, (D) space-filling curve, (E) printing, (F) on border with continuous strands, and (G) inside border

with continuous strands and inside border without continuous strands.

model for which the software automatically calculates the number
of layers after assigning the layer thickness (16, 24, 30, 49, and 99
layers for thicknesses of 300, 200, 160, 100, and 50 pum, respec-
tively). This illustration shows the importance of layer thickness
because, even before printing, the calculated thickness of the cubic
model varies between 4.8 and 4.95 mm (the original height of the
designed model is 5 mm) based on the number of layers. The in-
clusion properties of the designed model during the slicing process
and assigning the layer thickness can also influence printability.
Several inclusion options, such as no inclusion, inlying, centric, and
outlying, are available for selection during the scaffold design
procedure.

Scaffolds can be fabricated with or without support, as shown in
Fig. 8 (the contour acts as a support). Supports can play a critical
role in the resolution of printing and accuracy [11,42], so it is vital to
consider printability effects. In some cases, printing is impossible
without any support [43].

3.2. Bioink and printability

Another factor affecting printability is the composition of the
bioink used for scaffold fabrication. This factor includes the flow
behavior and physical properties. Some studies have considered the
flow behavior of bioinks to evaluate printability [44,45], although
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Fig. 6. Filament collapse test to measure the effect of deflection of scaffold strands: (A) modulated pore size while keeping the pore size constant in the opposite direction, (B)
deflection test benchmark (actual and theoretical areas), and (C) side view of a deflection test benchmark.

they have only investigated the rheological characteristics [46].
However, the physical properties of bioinks, such as the contact
angle, surface tension, and roughness, should also be studied to
determine their effect on printability.

The flow behavior of bioinks used for scaffold biofabrication has
been thoroughly investigated in different studies [45,47,48]. A
recent study focused on the effect of loss and storage modulus on
scaffold printability [47]. However, the physical properties of bio-
inks, such as the contact angle and surface tension, have been
neglected. These characteristics might also affect cell performance,
such as cell seeding and cell proliferation [15,17,18,49].

Several types of hydrocarbon bioinks can be used for scaffold
fabrication. Polysaccharide-based hydrogels are frequently used
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because of their positive effects on cell migration, axonal guidance,
and synaptic development [50,51]. One polysaccharide-based
hydrogel that is widely used in extrusion-based bioprinting is
alginate, owing to its biocompatibility, low toxicity, and relatively
high printability [52—54]. Alginate is an excellent substrate to
incorporate pancreatic islet cells, fibroblasts, myoblasts, and
chondrocytes [55]. As this review does not aim to cover all hydrogel
bioinks used in extrusion-based bioprinting, only a few are intro-
duced in this section, and some examples related to alginate are
discussed. Interested readers are directed to a recent review of soft
bioinks used in extrusion-based bioprinting [56].

Other types of bioinks are sometimes mixed with alginate to
create hybrid or composite scaffolds. The objective is to improve
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Fig. 7. (A) Effect of layer thickness selected during scaffold design on the printability of bioplotted scaffolds. (B) The impact of the inclusion pattern chosen on pore size and strand

diameter of bioplotted alginate scaffolds (constant printing parameters and conditions).

568



S. Naghieh and X. Chen

Journal of Pharmaceutical Analysis 11 (2021) 564—579

Scaffold
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Fig. 8. Scaffold design: (A) a regular cubic design, and (B) the creation of patterns with or without contours/support.

the printability, mechanical properties, and biological characteris-
tics of alginate scaffolds [57]. For instance, alginate does not have
the adhesion sites required for cell attachment; scaffolds made of
alginate and gelatin can be an excellent solution to address this
issue and improve the biological properties of alginate scaffolds
[58]. Gelatin is also widely used to improve the mechanical prop-
erties and printability of hydrogel scaffolds; for instance, adding
gelatin to alginate can improve printability [45]. Gelatin is a
collagen derivative that is less expensive than pure collagen and
lacks collagen's antigenicity, thus reducing the possibility of an
immunological response from the host in which the scaffold is
implanted [59]. Pan et al. [60] analyzed the properties of scaffolds
containing both gelatin and alginate and found high water reten-
tion rates. In another study, marine eel fish skin collagen was mixed
with alginate to improve printability [61]. These studies suggest
that combining different bioinks may help manipulate scaffold
characteristics and allow for better control to achieve the desired
scaffold functions. To this end, using a mixture of bioinks can also
improve printability. Gelatin and alginate behave like elastic and
viscous bioinks, respectively. Their combination shows synergetic
effects; for example, the loss and storage moduli can be modulated
by adjusting the alginate and gelatin concentrations in the mixture
[47]. Importantly, creating hybrid or non-hybrid scaffolds requires
materials that are printable, but not all bioinks meet this
requirement.

At the liquid-air interface, surface tension occurs because the
attraction of liquid molecules is more significant than that of
molecules in the air (Newton/length or energy/m?). Many studies
have neglected the effect of surface tension on printability. This
aspect is typically studied in inkjet-based printers [62—64]; how-
ever, it can clearly affect the printability of scaffolds fabricated by
extrusion-based bioprinting techniques. Surface tension is the
liquid-vapor interfacial energy and can affect printability in terms
of the contact angle between the two media. It can also influence
the printing quality, resolution, and strand diameter [65,66]. The
contact angle is a measure used to evaluate the hydrophilicity of a
scaffold; a hydrophilic scaffold can potentially improve cell growth
as it has good wettability, which improves biological behavior [67].

As a general rule, if the printing substrate has a high surface
energy compared to the bioink's surface tension, the bioink will
spread. Conversely, a low-energy substrate will result in less spread
and a higher contact angle [68,69]. Moreover, a filament extruded
from a nozzle is a building block for an extrusion-based fabricated
scaffold. Hence, it is important to understand filament formation
and the influencing factors. Generally, surface tension and gravity
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are critical factors affecting filament formation and printability
[70].

Most bioinks used in extrusion-based bioprinting have shear
thinning effects. That said, a high nozzle speed can lead to lower
viscosities and, as a result, a larger surface tension. Generally, fila-
ments deposited at high flow rates have lower viscosity and show
smooth surfaces (larger surface tension) when exiting the nozzle
[43]. To manipulate the surface tension and surface energy of the
substrate, different approaches can be implemented to improve
printability or limit excessive bioink spreading. First, the printing
substrate can be treated with a hydrophobic material to provide a
low-energy surface. This means that even bioinks with low surface
tension will not spread. Substrate surface treatment has been
introduced as an appropriate technique to modulate the substrate's
surface energy [71]. Second, a highly viscous bioink can be used to
minimize the spread [69]. However, not all high-viscosity bioinks
are recommended because of the need for high pressure to facili-
tate extrusion and the consequent disruptive effects on cell viability
[72]. Third, a faster crosslinking or drying rate is another solution to
improving printing resolution and, consequently, printability
[69,73]. This can be achieved by modulating the scaffold's cross-
linking mechanism or porosity (the higher the porosity, the faster
the rate of crosslinking). Another factor to be taken into account in a
printability study is the type of needle used for printing. With
respect to the interaction between the bioink and needle, the
needle surface energy must also be considered.

Different tests can be performed to investigate the surface
tension. Because materials are in direct contact with the substrate
to print the first layer, the substrate's surface and surface energy are
essential. Fig. 9 [74] shows the contact angle for non-coated glass,
polyethylenimine-coated glass, and gelatin-coated glass slides,
showing that glass slides coated with gelatin and polyethylenimine
result in a smaller contact angle. This might be due to the hydro-
philic nature of gelatin. Polyethylenimine is widely used as a glue
that provides a sticky substrate to print the first layer of scaffolds in
a crosslinker [73,75]. Thus, a trade-off occurs: a 180 contact angle is
not always the best scenario because of difficulties related to
attaching the first layer to the substrate, but a bioink with high
wettability spreads the material over the substrate, moving far
away from the ideal design.

A small contact angle can be interpreted as a surface with high
wettability or a bioink with low surface tension. However, this is
not the ideal case when it comes to printability. To achieve
appropriate printability, scaffolds should be fabricated as per the
scaffold design with the bioink not spreading during the printing
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process (contact angle=180°), but this may not happen due to
gravity and the flow behavior of the bioink (e.g., viscosity). As Fig. 10
shows, 3D printed scaffolds may have a fluctuating strand diameter
(Fig. 10B), penetration amongst layers (Fig. 10E), and deflection
(Fig. 10D) [12].

Beyond considering the substrate, the contact angle of the bio-
ink should be considered because after the first layer, the material is
printed on other layers of the same bioink. The contact angle and,
subsequently, the surface tension can be measured by investigating
the cross-sectional profile of the extruded filaments. The following
Eq. (1) can be used to estimate the contact angle and surface ten-
sion [76].

1
a DX vink =

4

Q WDI%-'Vpath (M
where Q is the flow rate, Dg is the diameter of the extruded fila-
ment, Dy is the needle diameter, vi is the speed of the extruded
filament, and vpq is the nozzle speed (Fig. 11) [76]. If a constant
volume is considered for an extruded bioink, then D¢ can be
calculated using Eq. (2).

Vs
ink DN
Vpath

Fig. 11 [76] shows that printing a cylindrical filament is impos-
sible because of surface tension and gravity; therefore, a cambered
cross-section can be considered. This cambered cross-sectional
area can be represented by Eq. (3). Using Eq. (3), R (the radius of
the cambered profile) can be obtained, as shown in Eq. (4) (4 is the
contact angle).

Dg

(2)

——7R* —R?sin f cos 6

e
R=\ 22 sin26""

R can also be obtained from Eq. (5) and by considering Egs. (4)
and (5), the height (H) can be estimated as per Eq. (6).
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Using Eq. (6), H can be estimated and, finally, the surface tension
(¥) can be estimated using Eq. (7):

He 2¥(1 — cos 0)’
\V gp

where g equals 9.8 m/s? and p is the density.

Surface wettability is usually measured by determining the
droplet contact angle. However, the droplet profile depends on
other factors such as gravity, adsorption, and the physical proper-
ties of the solid, gas, and liquid. A size-dependent contact angle
cannot represent the surface tension and surface wettability, so it is
crucial to determine an asymptotic contact angle (6s). Eq. (8) can be
used as follows [77]:

(6)

(7)

1/3

3 x droplet volume sin? 6

R=
7 (2 + cos ) (1 — cos fs)?

(8)

where R is the filament radius, as shown in Fig. 11 [76].

In addition, the surface energy of the nozzle can cause excessive
spreading of the bioink, so needle types should be investigated. The
surface tension resistance at the nozzle tip and the material
wettability in terms of the degree of affinity between a liquid and
the nozzle surface can affect printability. In this regard, needles
with different shapes (e.g., cylindrical or tapered) and materials
(such as metal, plastic, and metal-plastic) can be used. Further-
more, surface roughness is often targeted to modify the surface
wettability. Surface imperfections such as roughness can cause
contact angle hysteresis. Surface wettability, contact angle, and
surface tension are related, so it is vital to study surface roughness
[77]. Surface roughness can be compared to the contact angle to
identify a relationship. Fig. 12 shows the surface fluctuation of a

Fig. 9. Effect of the substrate (glass) surface energy on the contact angle of (A) different materials including water, 2% alginate (Al) and 2% Al + 2% gelatin (Gel) and (B) glass slide
(inset shows contact angle) and image showing droplets of water on a leaf [74]). PEI: polyethylenimine.
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Fig. 10. Idealistic and realistic views of printed scaffolds: top views with (A) idealistically constant and (B) fluctuating strand diameter; and side views with (C) no overlap among
layers and no deflection, (D) no overlap and deflection, and (E) overlap and deflection (reproduced with permission from Ref. [12]).

printed scaffold and the surface roughness of the substrate. For
example, a glass slide has a smooth surface with a roughness (Ra) of
0.01 um, and a coated glass slide can have an Ra of 1.02 pum; the
rougher surface can prevent the bioink from spreading. In other
words, strands printed on a coated glass slide have higher contact
angles and less spreading than those printed on a smooth glass
slide.

Fig. 13 shows some results related to printability in terms of
surface tension and contact angle for three groups of bioinks: 2%
alginate, 2% alginate + 2% gelatin, and 2% alginate + 4% gelatin. The
nozzle speed can affect both pore size and strand diameter,
increasing the speed, decreasing the strand diameter, and

A
- i
Dy A Vogii Nolkzle
Vink :
i
- D
0 -
In air I
i A
B i
i
P T —~——
- i ~
/// i \\\ ¢
/ ! \ H
V4 i N
0 i Filament \\ )
F\\\\\\iiﬂ i
Substrate I!L R Vi’l
% w 1

Fig. 11. Filament extrusion schematic: (A) needle diameter (Dy), filament diameter
(Dg), nozzle speed (Vpaen), and bioink speed (vim), (B) contact angle of an extruded
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Ref. [76]).
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increasing the pore size (with other printing parameters held
constant). The cross-sectional area also decreases with increasing
nozzle speed. However, nozzle speed does not significantly affect
the contact angle until the point that increasing the speed de-
creases the contact angle. Using Eq. (7), the relationship between
surface tension and speed is mapped, showing that higher speeds
lead to lower surface tension. The crosslinking mechanism plays a
decisive role here as it solidifies the hydrogel (a droplet of a
crosslinked hydrogel may have a different contact angle from a
non-crosslinked one). That being said, the nozzle speed should be
selected with respect to contact angle and surface tension. How-
ever, this is not an easy choice, as many interconnected elements
affect printability. Apart from the effect on printability, surface in-
teractions significantly affect the ink-cell interface and cellular
functions. Drawing general conclusions is challenging: on the one
hand, higher contact angles may result in relatively better print-
ability; on the other hand, contact angles between 60° and 70° have
the best surface energy and support appropriate cell functions [78].

3.3. Printing process and printability

Printing parameters and conditions affect printability, which is
especially significant for printing complex 3D constructs with
heterogeneous configurations. Printing conditions such as needle
diameter, pressure, and printing speed can influence printability in
terms of printing resolution, so studying such process-related ele-
ments is essential for a better understanding of them [76].
Numerous studies on printability have investigated the effect of
printing parameters, such as air pressure and nozzle speed, which
play the most decisive role in the printability of scaffolds fabricated
by bioplotting, an extrusion-based technique [22,65,79].

From a printing process perspective, the crosslinking mecha-
nism of scaffolds is also crucial as it affects the printability of bioink;
however, little is known about this effect. In an extrusion-based
system, cell-incorporated hydrogels are extruded layer-upon-
layer. Extruded hydrogels, such as alginate precursors, need to be



S. Naghieh and X. Chen

Fig. 12. Bioplotted strands on a glass slide: (A) the graph shows the surface fluctuation,
and (B) the machine displays the roughness (Ra) of a coated glass slide.

gelled quickly to support the printing process and increase cell
survival [80,81]. Divalent ionic crosslinkers, especially calcium
chloride (CaCly), have been widely implemented to crosslink
hydrogels. One vital factor that should be considered is the
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crosslinking and stability of hydrogels after fabrication. Although
crosslinking is an excellent method to improve hydrogel print-
ability, it is not reproducible [82]. Several studies also report that
excessive crosslinking causes a significant reduction in cell viability
in biofabrication [83]. In addition, the type and concentration of
crosslinkers regulate the printing parameters (e.g., dispensing
pressure and needle speed) and mechanical properties of 3D scaf-
folds. The hydrogel network density, which can be affected by the
crosslinker type/concentration, is correlated with stiffness. Based
on published reports, the higher the stiffness, the more significant
the reduction in permeability of the hydrogel (less cell viability and
proliferation of neural stem cells encapsulated in a hydrogel) [84].
Therefore, low-concentration crosslinkers are recommended.
However, the critical challenge to be addressed is the poor print-
ability of hydrogels crosslinked by a low crosslinker concentration.
In this regard, the effects of crosslinking time and the amount of
crosslinking agent solution have been neglected in the literature, as
only the crosslinker concentration has been investigated. An
appropriate amount of crosslinker solution should be used to
minimize the depletion effect; however, this has not been well
studied, and the proper crosslinker volume for an extrusion-based
system remains to be determined [73]. Fig. 14 [73] shows a recent
study on the effect of crosslinking time and volume on the elastic
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modulus of 3D bioplotted alginate scaffolds. Overall, the cross-
linking mechanism can affect printability as different crosslinkers
at various concentrations can affect the scaffold morphology [85].
Other techniques, such as coaxial nozzle printing, can be imple-
mented to control the crosslinking mechanism properly. Readers
are encouraged to refer to recent reports on coaxial nozzle printing
[11,86—88].

While the goal of most studies is to construct an overall map of
the relationships between hydrogel printability and various
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printing parameters, they fail because of the presence of too many
independent and inter-correlated factors that affect printability
(e.g., pressure, nozzle speed and offset, and crosslinking mecha-
nism). A consequence is the difficulty in explaining the results. As
indicated in Fig. 2 [24], the printing process, scaffold design, and
bioink are inter-related factors affecting printability, so deter-
mining the effect of each factor on printability is difficult. As such,
printability studies often start by evaluating the flow behavior of
the bioink to ensure that it has sufficient viscosity and is printable
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Table 1
Key factors influencing the printability of extrusion-based printed scaffolds.
Elements affecting Bioinks Results Refs.
printability
Bioink-related factors
Flow behavior and bioink composition
Chitosan, chitosan-collagen, and Higher printability of bioinks with higher viscosity. [91]
methylcellulose-hyaluronan
Oxidized alginate Viscosity in the range of 400—3000 mm?/s has a relatively high printability. [92]
Methacrylated hyaluronic acid and  Highly viscous bioinks are not printable; similarly, low viscosity bioinks have poor [93]
methacrylated gelatin printability.
Alginate-nanocellulose Nanocellulose can improve the printability of alginate by increasing viscosity. [94]
Collagen, gelatin, methacryloyl Adding collagen can improve printability in terms of fidelity. [95]
Alginate-graphene oxide Adding graphene oxide to alginate to modulate the flow behavior can improve printability. [96]
Alginate-gelatin Addition of gelatin to alginate results in a significant improvement in printability. [45,97]

Lithium oxide-based inks

There is a trade-off: on the one hand, printing a highly viscous bioink is challenging due to

[98]

high-pressure requirements; on the other hand, low viscosity bioinks are plagued with
surface wetting problems.

Physical properties

Surface tension, surface
energy, and contact
angle

Various materials

Substrates with lower surface energy result in reduced bioink spreading during the printing [99]
process. A contact angle of 90° was also reported as optimum; a lower contact angle means
more spreading. Additionally, the nozzle type should be carefully selected as nozzles' surface

energy can affect printability (high surface energy needles result in a high degree of capillary

rise).
Polydimethylsiloxane

Printing a relatively small construct can result in poor printability due to the significant effect [69]

of surface tension and its subsequent flow resistance.

Scaffold design-related factors
Pore size
Dimension and grid geometry
Angle and orientation

Alginate/gelatin Poor printability for cases with acute angles in the scaffold design compared to obtuse and [22]
right angles.
Printing process-related factors
Pressure
Alginate/gelatin Pressure is the most significant element affecting printability. Excessive pressure can cause [22]
poor printability.
Speed
Highly concentrated silver Considering a constant flow rate, lower nozzle speed leads to poor printability due to the [100]
nanoparticle ink extrusion of more bioink per unit time. A high-speed printing nozzle can also lead to
discontinuous filaments.
Cross-linke
Alginate-gelatin A relatively long crosslinking time causes poor printability. [45]
Nozzle
Poly(ethylene glycol)-diacrylate- The smaller the nozzle diameter, the higher the resolution and printability. [101]
alginate-
Alginate, photo-crosslinkable Not all nozzles with smaller diameters lead to improvements in printability. Nozzles with  [102]
polyethylene-glycol diacrylate, smaller diameters sometimes require higher pressures to extrude bioinks with lower
gelatin printability costs.
Polyelectrolyte inks Printability directly corresponds to nozzle size. [103,104]
Offset (distance between needle and substrate)
Alginate The shorter the distance between the nozzle and a crosslinking agent, the higher the [105]

printability.

[22,89]. These studies are often followed by considering the effect
of printing parameters and conditions, as well as the scaffold
design, on printability. For example, Kim et al. [90] reported im-
provements in alginate scaffold printability by adding carrageenan.
They first assessed the shear modulus of alginate-based hydrogels
to determine the appropriate crosslinking agent. Different con-
centrations of this hydrogel were then prepared to compare rheo-
logical properties and printing resolution. Fig. 15 [24] shows the
brief procedure of a regular printability study of four groups of
bioinks (3% alginate, 2% alginate + 1% gelatin, 1.5% alginate + 1%
gelatin + 0.5% methylcellulose, and 1.5% alginate + 1.5% methyl-
cellulose). In this example, the viscosity of the different groups is
evaluated first (Fig. 15A) [24]. A pressure test is then conducted to
determine the appropriate pressure at different temperatures and
the distances defined between the needle and droplet of bioink, as
shown in Fig. 15B [24]. Then, the offset, which is the distance be-
tween the needle and printing substrate, is measured (Fig. 15C) [24]
to find an appropriate range (offset can affect strand diameter).
Finally, a design-related factor such as the angular pattern can be
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studied to determine its effect on printability (Fig. 15D) [24]. These
interrelated factors, as depicted by the printability triangle (Fig. 2
[24]), must be considered in a printability study. As such, the
most important task is to identify and limit the number of signifi-
cantly influential factors; otherwise, reaching a conclusion can be
very challenging.

Table 1 provides a general overview of the design, bioink, and
fabrication process factors and their influence on the printability of
extrusion-based bioprinted scaffolds [22,45,91—-105].

4. Printability measurement and characterization

This section reviews and discusses the methods and indexes
used to measure and characterize printability for extrusion-based
bioprinting. Notably, various methods/indexes have been re-
ported for this purpose; they may not be entirely consistent but are
complementary when used to measure printability in terms of the
outer geometry and inner structure of scaffolds.

Irregularity is an index used to characterize differences in
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Outer dimensions of
scaffolds in X and Y
directions
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Pore size

Fig. 16. Printability study: irregularity measurement in terms of external scaffold dimensions (pore size and strand printability) in (A) X and Y directions, and (B) thickness in Z

direction.

overall scaffold dimensions between the scaffold designed and the
scaffold printed. Irregularity can be measured in the X, Y, or Z di-
rections as given by the Eq. (9):

|Experimental lengthy y 7|

Design lengthy y 7 x 100

Irregularity =

(9)

where the experimental length is the dimension of the scaffold
after printing, and design length is the design dimensions in the X,
Y, or Z direction (Fig. 16). The irregularity of a scaffold specifies the
overall accuracy of the printed scaffold in comparison to its design
in terms of outer geometry, but not internal structure. Compared to
irregularity in the X and Y directions, irregularity in the Z direction
or in terms of thickness of a scaffold has been more widely used as
an essential index of printability [24].

Pore printability is an index that characterizes the difference in
pore size/shape between the scaffold designed and scaffold printed
(Eq. (10)) and can be defined as [85]:

(perimeter of pore)2

Pore printability = 16 x ared of pore

(10)

where the perimeter and area of each pore can be calculated by
considering each pore in a scaffold structure. As the irregularity
index is based on outer geometry, this pore printability index is
complementary as it focuses on the internal scaffold geometry [24].

Strand printability is a concept that helps measure printability
in terms of comparing the experimental strand diameter to the
idealistic (designed) strand diameter. To calculate the idealistic
strand diameter, Eq. (11) shows that the relationship between
needle speed, v; flow rate of a bioink, Q; and ideal strand diameter,
Dy; can be used [106]:

b,— [
v

Hence, at different speeds, the ideal strand diameter can be
calculated and compared with the experimental strand diameter,
and an index for strand printability is then defined as follows (Eq.

(12)):

(11)
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Experimental strand diameter

D. x 100

Strand printability =
(12)

where experimental strand diameter is the average strand diam-
eter of a printed scaffold.

For example, the pore printability of a modified alginate scaffold
was reported to be between 0.95 and 1.1 (for nozzle speeds of
6—12 mm/s) using Eq. (10); for the same nozzle speeds, strand
printability was calculated as 0.7 to 1.0, using Eq. (12) [107].

Strand deflection is another imperfection observed in the
structure of scaffolds, as shown in Fig. 6. Deflection is affected by
scaffold design, that is, the distance between the strands of scaf-
folds defined in the designed model can affect deflection. The
deflection of strands printed with various pore sizes is measured to
evaluate the deflection value and structural integrity. In this test,
the side views of the strands are observed, and the deflection ratio
can be measured as follows (Eq. (13)):

Experimental area

Theoretical area 100

Deflection ratio = (13)
where the experimental and theoretical areas are the measured
and ideal areas after printing, respectively. This deflection ratio can
be studied and the scaffold design is modified accordingly. For
instance, a shorter distance between strands can be selected to
lower the deflection. Increasing the viscosity also decreases the
deflection rate. For low-viscosity bioinks, the deflection ratio in-
creases as the distance increases [29]. The results of a deflection test
can be used to select an appropriate pore size to reduce the
deflection ratio.

The last parameter to evaluate strand printability is surface
roughness. The surface roughness of the scaffolds is characterized
by studying fluctuations in the surface. At high pressures during
bioplotting, bioinks behave like a shear-thinning material and have
a smooth surface owing to the considerable surface tension [43].
The surface roughness of scaffolds fabricated from different com-
positions of bioinks is a subject in need of further study.

Another term, called fidelity, can be defined to measure print-
ability as follows (Eq. (14)):



S. Naghieh and X. Chen

Journal of Pharmaceutical Analysis 11 (2021) 564—579

Hybrid scaffold

Composite scaffold

Bioink 1/ W
Bioink 2 /Wy

Naaa nan

Fig. 17. Schematics of models used to represent the configuration of (A) composite scaffolds and (B) hybrid scaffolds; (C) parameters defined in the models (pore size, strand
diameter, and penetration amongst layers); (D) novel imaging techniques used for modelling purposes (inset shows a cross-sectional view of a bioplotted alginate scaffold using

synchrotron imaging); and (E) topology of a scaffold surface.

Fidelity = % x 100% (14)
d

where H,, is the filament height after printing and Hy is the filament
height in the scaffold design. Using this index, printability can be
estimated in terms of how close the printed result is to the actual
scaffold design.

As shown in Fig. 6, a filament collapse test can measure the
deflection of scaffold strands. Using this concept, hangability can be
defined as follows (Eq. (15)):

Actual area

Theoretical area x 100%

Hangability = (15)
where the theoretical area is the area below the strand considering
the initial scaffold design, and the actual area is the area below the
deflected strand after printing. Hangability can also be defined as
the distance between the lowest section of a strand and the sub-
strate. No deflection would mean that the distance between the
strand and substrate is the actual scaffold design distance; the
presence of deflection would reduce this distance.

Extrudability is another index used to evaluate printability [108]
and is the minimum pressure required to extrude a material
(Fig. 15B) [24]. Another term called the uniformity factor is the
diameter of a printed strand divided by the strand's diameter in the
designed model. In addition, an integrity factor can be defined by
comparing the thickness of the printed scaffold and the developed
model. Overall, various indexes can be defined to compare scaffold
designs with experimental results in terms of geometrical features
to evaluate printability. However, considering one of these factors
in isolation is not an appropriate method to assess printability. For
example, a printed scaffold with good pore printability might not
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have good strand printability. Therefore, multiple indexes are rec-
ommended for a more consistent evaluation of printability from
different aspects.

5. Methods for improving printability

Various studies have aimed to improve printability, resulting in
methods to select and regulate printing process-related parameters
rigorously, refine and optimize scaffold designs, and develop new
bioinks with appropriate properties as well as novel techniques for
bioprinting. Scaffold design-related factors that can affect print-
ability are discussed in Section 3.1. With knowledge of these factors,
scaffold designs can be modified in terms of pore size, angular
pattern, and layer thickness selection to improve printability.

Another area of interest that has recently attracted attention is
empirical models that quantify the influence of the printing pro-
cess-, bioink-, and scaffold design-related parameters on print-
ability [23,69,109]. These models can be implemented to predict
the mechanical behavior of scaffolds, a critical aspect of scaffold
development. The numerical models currently available can predict
the mechanical behavior of scaffolds, such as the elastic modulus
[73,75]. Future models should be developed to predict the me-
chanical characteristics of hybrid and composite scaffolds (Fig. 17).
As noted above, an aspect of printability studies is improving
printability in terms of developing new bioinks, and new models
will be required to predict the mechanical behavior of new com-
posite and hybrid scaffolds. In terms of modeling, new techniques
such as synchrotron imaging [110,111] can be used to improve the
models developed by adding the real profile of scaffolds as an input
(Figs. 17D and E). A recent modeling approach simulates printing
resolution for various printing parameters [90].

From a printing process point of view, printability can be studied
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from different angles. First, printing parameters such as speed and
pressure can be investigated to identify the most significant factors
affecting printability. From another perspective, new techniques
can be developed to improve printability. While modulations of
bioink- and scaffold design-related elements are known ap-
proaches to enhancing the printability of hydrogel scaffolds, cur-
rent research gaps include using other printing process-related
approaches, such as indirect bioprinting, to address the poor
printability of low-viscosity bioinks.

Indirect bioprinting involves using a sacrificial mold developed
through rapid prototyping (RP, another term for AM), casting of the
bioink into the mold, and then removing the mold to obtain the
final construct [112,113]. This technique is useful for printing low-
concentration hydrogels, which are in demand based on evidence
supporting the use of a low hydrogel/crosslinker concentration due
to positive effects on cell viability. For instance, efforts have been
made to use low concentration and soft hydrogels to enable neuron
regeneration by providing an adhesive matrix [84,114]. As another
example, Matyash et al. [115] reported the utilization of soft algi-
nate hydrogels to support rat and human neuron growth with
successful results. While the mechanical properties of low-
concentration hydrogels create a favorable cellular environment,
they are challenging to print into complex scaffolds [116]. The
limited mechanical and physical stability makes such scaffolds
prone to collapse and deformation [22,117]. High-resolution 3D
printing of low-concentration bioinks is an area of considerable
interest, but has not been fully researched [69]. Indirect bioprinting
is being explored to overcome these limitations. This opens up the
possibility of combining many materials in one scaffold, including
bioactive materials, and eliminating concerns related to cell death
caused by printing.

Another technique that can be used to improve printability is
coaxial nozzle printing. This technique has been used to create
vessel-like constructs [11] and can also improve printability. Using
this technique, a bioink can be printed as the core, and a crosslinker
can be used as the shell. Hence, the bioink is crosslinked immedi-
ately after extrusion, which results in a lower chance of bioink
spreading due to gravity and surface tension.

Despite significant progress in new bioink development, the
need remains for bioinks with improved printability while still
considering cell viability [118]. Nanoscale additives can be included
in bioinks to improve their shear thinning behavior and, as a result,
their printability; such an approach can also improve their me-
chanical characteristics [119]. Moreover, the crosslinking mecha-
nism of bioinks should be carefully selected. Simultaneous
crosslinking of bioinks during the printing process or after printing
is relatively slow and can affect printability [120]. Another
requirement to keep in mind is that bioinks often shrink after
printing; therefore, achieving the desired scaffold requires the
design of constructs with larger dimensions that will ultimately
match the desired scaffold design after shrinkage. In addition,
printability is defined as the capability to form and maintain
reproducible 3D scaffolds from bioinks. Hence, printability is not
just limited to scaffolds immediately after printing, but reflects how
they retain their structure after printing. To this end, printability
studies should be conducted on scaffolds in which degradation and
swelling ratios are plotted against printability to investigate any
printability decrease over time.

6. Conclusions

Printability is an important performance index in extrusion-
based bioprinting. Herein, we reviewed and described the print-
ing process-, bioink-, and scaffold design-related parameters that
affect printability in extrusion-based bioprinting. Many parameters
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or factors are involved in the bioprinting process, which affect
printability. Notably, the concept of printability has been incon-
sistently defined and used in the literature, and as such, different
indexes and methods have been developed to measure and char-
acterize printability. This review describes our definition of print-
ability and identifies the printability indexes associated with the
scaffold printing process, design, and bioink. We believe that
printability can be characterized in terms of extrudability and fiber
fidelity, as well as factors related to scaffold design. Layer thickness,
pore size, and strand orientation are important factors of scaffold
design, which affect printability. In addition, methods to enhance
printability are discussed, so are the seldom-addressed roles of
surface tension and contact angle in modulating printability. The
effects of critical printing process parameters and conditions such
as pressure, speed, and crosslinking mechanism on printability are
discussed. Recent advances in printing processes, including the
indirect printing technique aimed at improving the printability of
low-viscosity bioinks, are highlighted and discussed, along with
suggestions for future research to improve the printability of
extrusion-based bioprinting.
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