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ARTICLE INFO ABSTRACT
Article history: Ageing population and new diseases are requiring the development of novel therapeutical strategies. 3D bio-
Available online 4 August 2022 printing an novel application domain of additive manufacturing emerged as a potential transformative strat-

egy for tissue engineering and regenerative medicine. This paper introduces the concept of 3D bioprinting,

l’:fjléW‘_’rde facturi discussing in detail key requirements of bio-inks and main materials used to encapsulate cells. Recent advan-
Bi Or:;\:l?cr;anu acturing ces related to the use of smart materials and the concept of 4D printing is also discussed. Main 3D bioprinting

techniques are described in detail and key limitations highlighted. Successful cases, demonstrating the rele-
vance of 3D bioprinting are also presented. Finally, the paper addresses the main research challenges and

future perspectives in the field of 3D bioprinting.
© 2022 The Author(s). Published by Elsevier Ltd on behalf of CIRP. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/)

Tissue engineering

1. Introduction material (bio-ink) and the paper with biodegradable support mate-
rial. Currently, only few AM techniques are suitable for bioprinting
The main objective of tissue or organ engineering is to reconstruct applications (Fig. 1).
a damaged or diseased tissue or organ with cells, biomaterials, and

bioactive molecules [1—-4]. The basic concept of traditional tissue = s
X i | o . N ) a [ Microextrusion bioprinter C Laser-assisted bioprinter
engineering methods is to seed living cells, and/or biologically active Energy- Laser Donor
N . Thermal Piezoeletric Pneumatlc Plstcn Screw absorbing pulse slide
molecules into a highly porous scaffold to fix and/or regenerate dam- < / S~ Ve layer
aged tissues [5]. Various additive manufacturing methods have been .
used to produce scaffolds with controlled micro-architecture and Qﬁi@ff e

geometry in a wide range of materials [6—14]. This topic has been
extensively discussed at CIRP. Firstly, through a Collaborative Work-
ing Group on Biomanufacturing (2009-2012) joining academics and
industrialists from all over the world, aiming to contribute to a coher-
ent strategy for the development, dissemination, and exploitation of
biomanufacturing [13,15], and after through the biannual CIRP Bio-
manufacturing Conferences.

However, scaffold-based approaches still face some challenges
such as difficulty in seeding different cells spatially in a scaffold, lim-
ited vascularization, and weak cell-adhesion to scaffold material.
Hence, living cells alone or in combination with biomolecules and
biomaterials need to be assembled in three-dimension for a success-
ful tissue or organ engineering. This paper focuses on the concept of
3D bioprinting, a special sub-set of additive manufacturing (AM), that
can be defined as the manufacturing of complex biological constructs
from living cells, biomolecules, and biomaterials. Like binder jetting
AM techniques, 3D bioprinting is also developed from 2D ink-jet
printers by replacing the ink in the cartridge with a biological

Fig. 1. The three main bioprinting techniques [16].

3D bioprinting is a prolific research topic (Fig. 2) and highly rele-
vant from an economical point of view. According to a report from
the Grand View Research, the 3D bioprinting market valued $1.4 bil-
lion in 2020, and it is expected to grow with a compound annual
growth rate of 15.8% between 2021 and 2028 [17]. In 2024, the 3D
bioprinting market will represent around 10% of the total 3D printing
market. Moreover, the global Tissue Engineering market valued $2
billion in 2019 and is projected to reach $7billion by 2027 [18].

The market growth of 3D bioprinting has been driven by medical,
cosmetics, and pharmaceutical sectors. The large demand for organ
transplantation and the lack of organs available is one of the main
drivers for the development of 3D bioprinting strategies aiming to
eliminate the waiting time, need for immunosuppression and a
donor-matched organ. This is expected to increase due to the world-

. o . o wide large population above 60 years, who have low immunity levels
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Fig. 2. Publications on bioprinting (red bars) and bio-inks (blue bars) in the period
2017-2021. Source: Scopus.

medicine are provided in Fig.3, and some of the most developed areas
are discussed in detail in this paper.
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Fig. 3. Tissue engineering and regenerative applications of bioprinting [19].

Klebe [20] was the first demonstrating the concept of bioprinting
using a Hewlett-Packard (HP) inkjet printer and two cartridges filled
with a fibronectin solution and a solution containing monoclonal
antibodies. Later, Wilson and Boland [21] successfully demonstrated
the cell printing concept using an HP660C inkjet printer with a modi-
fied dispensing system to print mammalian cells. Since then, the field
of bioprinting rapidly expanded with several printing technologies
being developed, each presenting advantages and limitations. More
recently, multi-modal printers were developed by integrating differ-
ent types of printing heads and printing technologies into one sys-
tem. These different systems are discussed in detail in this paper,
which also highlights the key research challenges of this field and
expected contributions from the CIRP community. Moreover, the
concept of bio-ink, key requirements and main natural derived and
synthetic hydrogel materials commonly used as bio-inks are also
detailed.

2. Bio-inks

Bio-ink is the bio-printable material. It is composed of cells with
biomaterials like hydrogel or cell aggregates and spheroids [22—26].

Hydrogels are 3D hydrophilic polymeric materials formed by
chemical (irreversible hydrogels) or physical crosslinks (reversible
hydrogels) (Fig. 4) that exhibit a remarkable ability to absorb large
volumes of water without dissolution [27-31]. They are soft and
elastic materials, generally used above their glass transition tempera-
ture and highly permeable to oxygen, nutrients, and other water-sol-
uble metabolites [25,26].
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Fig. 4. Crosslinking methods used in hydrogels. Adapted from [31].

Bio-inks can be prepared using hydrogels from natural or syn-
thetic origin [27,32,33]. Naturally derived polymers (e.g. collagen,
gelatine, hyaluronic acid, alginate, chitosan) present biochemical sim-
ilarities with the natural extracellular matrix (ECM) but limited
mechanical properties, potential immunogenicity, batch to batch var-
iability and usually require complex purification processes [34,35].
On the other hand, synthetic hydrogels (e.g. poly(ethyleneglycol)
(PEG), poly(butylene oxide) (PBO), poly(vinyl acetate), poly(vinyl
alcohol) (PVA), propylene fumarate (PF), poly(ethylene oxide) (PEO))
present controllable properties and higher mechanical properties,
but exhibit limited biocompatibility, biodegradability and cell inter-
action properties [36].

2.1. Requirements

Bio-inks should present high printability, determined by rheological
characteristics, gelation kinetics and crosslinking nature, to allow the
fabrication of tissue constructs with high shape fidelity and resolution.
They should be biocompatible and present adequate biomechanical,
bioactive clues and degradation characteristics [37]. Moreover, bio-inks
should present sub-micrometric porosity to guarantee adequate mass
transport [27]. Fig. 5 summarises the key characteristics of a bio-ink and
relevant interdependencies between material and the bioprinting pro-
cess. The correlations between key mechanical and biological considera-
tions and the bio-ink properties are presented in Fig. 6.

Printing resolution, shape fidelity, gelling speed, material viscoelas-
ticity and rheological properties are crucial parameters in determining
the printability of bio-inks and final mechanical and biological proper-
ties of printed constructs [40,41]. Developing advanced bio-inks also
requires the incorporation of biological functional groups and cross-
linking sites. Moreover, it is important to take into consideration that
cell behaviour and functional properties of the new tissue depend not
only on the bioprinting parameters, but also on the cell microenviron-
ment provided by encapsulating material.

Depending on the biofabrication process and material properties,
the bio-inks will exhibit different chemical and physical characteris-
tics that will determine the corresponding application. These
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Fig. 5. Key bio-ink properties and inter-correlation between material properties and
bioprinting [38].

properties can be determined by rheological characterization,
mechanical assessment, and crosslinking properties of the hydrogel.
Shear-thinning, a decrease in the viscosity due to an increase in shear
rate, is a critical property as it allows to reduce shear stresses during
the printing process thus increasing cell viability [42]. The viscoelas-
tic behaviour and in particular the shear recovery characteristics of
bio-inks need to be optimized to guarantee good shape fidelity [43].

2.2. Natural derived bio-inks

Natural hydrogels are highly biocompatible and present a struc-
ture that resembles the structure of biological tissues. However, they
exhibit limited mechanical properties, batch to batch variations, and
difficult to tailor degradation mechanisms.

Collagen is the most abundant natural-derived polymer [41].
Rather than a single protein, collagen is a family of 29 different pro-
teins all of them presenting a characteristic triple helix structure [27].
Collagen types I, II, and IIl are the most abundant collagen types in
our body. Collagen bio-inks are biocompatible and highly bioactive
presenting cell-adhesion sites. Main disadvantages include poor print
fidelity, which can be improved by increasing viscosity but
compromising cell viability, slow gelation that compromises shape
fidelity and induces cell sedimentation, fast degradation, and poor
mechanical properties [27,44]. Methacrylated collagen mixed with
proper photo-initiators are commonly used for 3D bioprinting appli-
cations. Dual cross-linking methods, combining photo-chemical
cross-linking and chemical cross-linking methods have been also
reported [45].

Gelatine is a biocompatible and biodegradable water-soluble pro-
tein derived from collagen via hydrolysis [37,46]. Like collagen, gela-
tine is characterised by a triple helix structure, but presents high
mechanical and biological properties and low antigenicity [41]. It is
also non-cytotoxic and exhibits low immunogenicity [47,48]. Gela-
tine gels are thermo-sensitive and undergo a reversible sol-gel transi-
tion at body temperature. Main limitations include fast degradation
and poor mechanical properties [49]. Crosslinking is usually required
to improve mechanical properties and to guarantee shape fidelity
[50—-54]. Therefore, gelatine is usually functionalysed (e.g., methacry-
lation) and used in the form of gelatine methacryloyl (GelMA)
[55-57].

Agarose is a hydrophilic polysaccharide extracted from seaweed,
composed of alternating g-b-galactopyranosyl and 3,6-anhydro-o-L-
galactopyranosyl units [58,59]. Agarose gels exhibit a thermo-revers-
ible gelling behaviour, high mechanical properties, and bioactivity
[60]. They can be easily prepared by dissolving agarose in deionized
water or buffer solution at temperatures above the sol-gel-transition
temperature followed by colling [59,61]. Agarose gels are biocompat-
ible but not biodegradable in the human body [22].

Hyaluronic acid (HA), one of the major constituents of the ECM, is
a biocompatible and degradable high molecular weight linear anionic
polysaccharide composed of p-glucuronic acid and 2-acetamino-2-
deoxy-p-glucose [62,63]. HA presents high hydrophilicity, non-
thrombogenic and non-immunogenic properties and usually requires
the incorporation of cell adhesion sites to increase cell-affinity [47,
64]. HA gels can be obtained via esterification or crosslinking [64].
Shape stability is a major limitation of HA gels [47].

Alginate is an anionic block copolymer composed of 1,4-linked
p-p-mannuronic (M blocks) and «-L-guluronic acid (G blocks) [65].
The mechanical properties of alginate depend on the G-block/M-
block ratio, which is determined by the alginate source. Gels made of
M-rich alginate exhibit low mechanical properties [27,66]. The pres-
ence of carboxyl groups make alginate gels to be pH responsive [67].
Gelling occurs when divalent or trivalent ions take part in the
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interchain ionic binding between G-blocks creating a three-dimen-
sional network (egg-box model) [68]. However, these reactions result
in inhomogeneous gels with limited long-term stability [69]. There-
fore, alginate methacrylate hydrogels have been proposed [70]. Lim-
ited degradation and lack of cell adhesion sites are major limitations
of alginate hydrogels [71-73].

Chitosan is a highly abundant cationic polysaccharide derived
from chitin through deacetylation [62,64,74]. It is a copolymer com-
posed of p-(1—4) linked 2-acetamino-2-deoxy-p-glucopyranose and
2-amino-2-deoxy-p-glucopyranose [75]. Chitosan gels are biocom-
patible, biodegradable, low cost, and present good anti-bacterial
properties [47]. However, chitosan gels also exhibit low mechanical
properties, acidity, and slow gelling characteristics [27,41].

Silk is a naturally occurring material mainly composed of sericin
and fibroin proteins [64,74]. Silk fibroin, obtained by boiling silk in
sodium carbonate, presents high mechanical properties and low
immunogenicity [64,74]. Sericin gels exhibit non-immunogenic, anti-
oxidant, antibacterial and anticoagulation properties.

Cellulose is a biocompatible, biodegradable and hydrophobic
polymer extracted from plants or bacteria (Acetobacter xylinum or
Gluconacetobacter xylinus) being one of the most abundant natural-
derived polymer [62,73]. Cellulose gels present excellent mechanical
and cell adhesion properties.

2.3. Synthetic bio-inks

A range of synthetic hydrogels such as polyvinyl alcohol (PVA),
polylactic acid (PLA) and polyethylene glycol (PEG) have been used
for bioprinting applications. PVA is a semi-crystalline hydrophilic bio-
degradable and biocompatible polymer, presenting good mechanical
and swelling properties [76]. PLA is a semi-crystalline biodegradable
and biocompatible polymer made from «-hydroxy acid [77]. PEG is a
biocompatible and non-immunogenic [78,79]. Photocrosslinking PEG
diacrylate and PEG dimethacrylate are commonly used but they are
not degradable thus requiring further modification [27,61,79].

2.4. Decellularised bio-inks

The extracellular matrix (ECM) is a biological network that pro-
vides natural support to cells and cell-cell communication, giving
physical shape to all biological tissues. It is composed of collagen, gly-
coproteins such as fibronectin and laminin, proteoaminoglycans, and
glycosaminoglycans such as HA [37]. However, each biological tissue
presents a specific ECM composition [80]. Cells interact with the ECM
through proteins present in the cell membrane such as integrins,
attaching to adhesion sites present in the ECM (Fig. 7), allowing cell
proliferation and differentiation [81,82].

Decellularized ECM (dECM) has been investigated as a potential
material for bio-ink preparation. To prepare dECM, different chemi-
cal, physical and enzymatic methods have been proposed allowing to
remove all cellular content with minimal damage. Inks are prepared
by dissolving dECM in phosphate buffer solutions or culture medium
[83]. dECM inks are usually highly viscous and present low mechani-
cal properties [37]. However, they exhibit excellent biochemical
properties.

2.5. Advanced bio-inks and tissue spheroids

Stimuli-responsive bio-inks have been developed to produce con-
structs mimicking native tissues. These bio-inks are able to respond
to different stimuli such as temperature (e.g. methacrylated poly[N-
(2-hydroxypropyl) methacrylamide mono/dilactate] (pHPMA-lac)/
polyethylene glycol (PEG); methylcellulose hydrogels), pH (e.g. poly-
ethylene glycol diacrylate), electrical and magnetic fields [84—86]. A
wide range of self-assembling peptides have been also investigated
[87,88]. However, most of these materials present low biocompatibil-
ity, bioactivity or degradability properties [37].

The combined use of additive manufacturing (3D printing) and
smart materials is known as 4D printing and attracted the attention
of researchers from different fields [89—-91]. The most commonly
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Fig. 7. Interactions between a cell and the extracellular matrix [82].

used materials are shape changing materials, i.e. materials that
change their shape upon external stimulation returning to the origi-
nal configuration by removing the stimulation conditions. The sim-
plest way to achieve shape changing is using the intrinsic swelling
characteristics of hydrogels. Jamal et al. [92] developed a bi-layered
hydrogel consisting of photocrosslinkable PEG of varying molecular
weights (Fig. 8). The hydrogel responds to aqueous stimuli, when
placed in an aqueous environment changing its shape to predesigned
configurations through differential swelling of the bonded hydrogel
layers. Similarly, Mirani et al. [93] developed a directly activated drug
delivery system. In this case, alginate fibres were mixed with a pH-
responsive dye and printed in an array of porous sensors. Gentami-
cin-loaded alginate fibres were used to prepare the drug eluting con-
struct. Then both the array and the drug eluting construct were
combined to produce a patch (Fig. 9), able to detect bacteria and
release high doses of antibiotic in the detection site. For wound appli-
cations, Miao et al. [94] designed a shape changing closed nerve con-
duit with the ability to open during the surgical operation of
impanation and then closing again. The conduit was fabricated using
graphene mixed with soybean oil epoxidized acrylate and showed
good electrical conductivity and enhanced nerve regeneration. Self-
folding polymers encapsulating different cells were also used for the
fabrication of vascular-like structures [95].

Ll L L e |

Self-fold bilayers in water

Fig. 8. a-c) Schematic representation of the three basic PEG bilayer photocrosslinking
steps and (d-i) examples of self-folded hydrogel geometries [92].
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Fig. 9. A) Schematic representation of the GelDerm treatment of epidermal wounds,
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cated using a 3D bioprinter equipped with a co-axial microfluidic nozzle. B-(ii) Sche-
matic representation of the fiber deposition process using the co-axial system. B-(iii)
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and transportation. D) Synthetic brilliant yellow and naturally derived cabbage juice
were used as model pH indicators for the fabrication of the sensors. Sensor arrays
enable detecting spatial variations of pH on the wound site. Drug-eluting constructs
release high doses of antibiotics at the wound site to eradicate the bacteria. E) The flex-
ible GelDerm patch can be applied on curved surfaces [93].

Spheroids are multicellular self-assembled spherical clusters able
to fuse and create a tissue once printed in close contact with each
other [96—-101]. They can mimic the physicochemical environment
of tissues, with great cell viability and proliferation, supporting cell-
cell and cell-matrix interactions [102]. However, larger spheroids suf-
fer from hypoxia due to insufficient diffusion to the core which limits
their size [100].

3. 3D bioprinting processes
3.1. Process chain

Bioprinting processes can be categorized according to several cri-
teria, including the principle used to assist the deposition of bio-inks
or the mode of ejection from the reservoir (orifice-free or orifice-
based). In this paper, the classification of bioprinting technologies is
based on the mechanism employed to assist the printing process.

The bioprinting process chain starts with biomodeling the tar-
geted tissue or organ using medical images obtained by various data
acquisition methods such as X-ray computed tomography, magnetic
resonance imaging, ultrasound echoscopy, single-photon gamma
rays and bioluminescence imaging (Fig. 10.a) [103]. A segmentation
software is then used to capture the 3D model [104,105]. Then, the
3D surface geometry is transformed into a tessellated mesh file (STL
file), which could be fitted with parametric free-form surfaces for fur-
ther processing in a CAD software (Fig. 10.b). The CAD model of the
target tissue or organ is then sliced to form the layers (Fig. 10.c). After
slicing, deposition path planning is generated at each layer using zig-
zag or contour-offsetting techniques (Fig. 10.d).

After bioprinting paths are determined, bio-inks must be pre-
pared. For patient specific tissue/organ bioprinting, primary cells
could be harvested from a patient. In addition to primary cells from
different tissues, stem cells such as mesenchymal stem cells (MSCs),

a)

©)

Fig. 10. 3D bioprinting information flow a) Medical imaging and segmentation, b) sur-
face fitting CAD modelling, c) slicing, d) path planning.

induced pluripotent stem cells (iPSCs) or embryonic stem cells could
also be used for bio-ink [106,107]. Cells needs to be cultured and
expanded to reach enough cell concentration. Biochemical factors or
small molecules (growth factors, signalling and differentiation mole-
cules) can be added to help cell growth, differentiation, and matura-
tions. Bio-inks are then loaded on a bioprinter and the bioprinting
process can then be started. Finally, constructs can be printed in situ
or in the machine platform under sterile conditions being then cul-
tured in an incubator for further maturation. Different types of bio-
reactors could be used for maturation of the tissue constructs. After
maturation, the constructs can then be implanted in the patient or
can be used as a disease model.

For efficient clinical deployment, bioprinters must be compact to
be able to operate in a laminar flow unit, presenting high accuracy,
printing speed and resolution. The type of tissue to be printed
strongly determines the bioprinter selection.

3.1. Material jetting processes

Material jetting is a droplet-based technique that ejects material
droplets out of a nozzle and comprises droplet-on-demand (DOD)
and continuous jetting processes [108—-110]. DOD systems use ther-
mal, acoustic, or piezoelectric actuators to generate pressure pulses
producing small droplets (5—-50 pum) [16,111]. Thermal-based sys-
tems use heating elements to rapidly increase the temperature of the
material in the close vicinity of the heating system, vaporizing the
material, thus generating bubbles that expand and eject droplets
onto a substrate [112]. Studies showed that the use of short heating
pulses (~2 us) only increase the temperature in few degrees not
affecting cell viability [113]. However, material jetting presents some
limitations in printing high density of cells, as cells settle at the bot-
tom of the material reservoir, resulting in clogging the printing head
and non-homogeneous distribution of cells. Therefore, inks must
present viscosities lower than 15 mPas and cell density should be
also lower than 10° cells/ml [42]. In the case of acoustic systems, cell
viability is limited by the level of frequencies used. Resolution ranges
between 20 and 100 um [114].

Aerosol jet printing (AJP) (Fig. 11) is a relatively novel ink deposi-
tion technology used to produce electronics such as transistors, bat-
teries, supercapacitors, and sensors [115—-118]. The printing process
comprises five main stages including atomization/nebulization, aero-
sol gas transportation, collimation, focusing and impaction. The sus-
pension of liquid or solid particles is atomized into 1-5 um droplet
size by using either pneumatic or ultrasonic methods depending on
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Fig. 11. Aerosol jet printing [115].

the ink viscosity. The generated droplets are transported by the car-
rier gas (i.e. nitrogen), reaching the bottom of the printing nozzle
which is surrounded by a sheath gas flow. The interaction between
the sheath gas and the carrier gas result in the collimation of the ink
stream at the centre of the deposition nozzle. The droplet velocities
at the exit range from 10 to 100 m/s within 1-5 mm of nozzle-sub-
strate distance. AJP can print materials with a wide range of viscosi-
ties (1-100 mPa.s) and high resolution (10 pm) on planar and non-
planar substrates [119,120].

However, the use of AJP for 3D bioprinting is not fully explored.
Most studies focused on the fabrication of 2D biosensors [121], cell
patterning on complex surfaces [122], and hydrogel inks [123].

Process optimisation is a complex task in AJP. Ultrasonic nebuliza-
tion creates more uniform ink droplets, but it is restricted to low vis-
cosity inks while pneumatic nebulization can print inks with a wide
range of viscosities but form polydispersed streams. Small droplets
with insufficiently controlled flow rate tend to impinge on the wall
during the transport step, affecting the collimation and focusing and
hence causing nozzle clogging and reducing printing resolution
[124]. Larger droplets tend to hit the wall due to the gravity settling,
compromising transport efficiency, and leading to flow instability.

3.2. Extrusion-based technologies

Extrusion-based bioprinting systems comprise a computer-
numerically control (CNC) system (gantry or robotic-arm), which
controls the motions of pneumatic (compressed air), mechanical (pis-
ton or screw) or solenoid (electrical pulses) driven printheads, and a
platform that collects the printed material [108, 125-127]. Some sys-
tems also include an optical fibre to irradiate the deposition area
inducing photo-crosslinking reactions. Extrusion-based bioprinting
allows to print a wide range of materials with different mechanical
properties and viscosities (10—10' mPa.s) and bio-inks with high
cell densities (up to 107 cells mL~1) [42,108]. Pneumatic systems are
usually used to process low viscous materials, while mechanical sys-
tems are more suitable for highly viscous materials. Printed materials
become solid through thermal, physical, or chemical methods.

Printing resolution (200—2000 pm) is one of the main limitations
of this technique compared with other bioprinting processes and
requires proper optimization of processing conditions (e.g. flow rate
and deposition velocity) and bio-ink properties (e.g. rheological prop-
erties — a shear thinning behaviour is required — wettability, surface
tension and cell density) [108,128]. Besides, extrusion-based pro-
cesses present some limitations in precisely controlling the volume
of printed material during the lag time when the pressure is switched
on and off, and potential risk of nozzle clogging [128]. This technique
is also characterized by high pressure drops and for inducing high
mechanical stresses on the materials during the printing process,
which can compromise cell viability [129]. New developments
include extruding the material in a coagulation bath that induces the
gelation of the printed material, printing the material in a granular or
colloidal bath or co-axial extrusion [130—132].

To guarantee a homogeneous composition of multi-component
bio-inks, Bhattacharyya et al. [133] developed a twin-screw extruder
(Fig. 12) successfully used to print an alginate-based bio-ink contain-
ing tricalcium phosphate nanoparticles and osteoblasts. The system
presents variable screw pitches and two separate inlets reducing the
exposure of cells to high shear stresses. Bioprinted constructs
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Fig. 12. Twin screw extruder versus conventional printing system [133].

exhibited superior mechanical and biological properties than conven-
tionally (single screw or serynge-type) bioprinted samples.

The Bioplotter (Fig. 13a) is an extrusion-based system developed
by Landers and Milhaupt [134] and commercialized by Envisiontec
(Germany). This was one of the first bioprinting systems introduced
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Fig. 13. Multi-printhead systems. a) The 3D bioplotter developed by EnvisionTEC (Ger-
many); b) The MtoBS system [135]; c) The multi-head deposition system (MHDS) [136].
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into the market and comprises multiple pneumatic printing heads
allowing for multi-material printing. The dispensing printing heads
move in three dimensions and the fabrication platform is fixed.

Shim et al. [135] developed a multi-head tissue printing system
(MtoBS) comprising six printing heads with an accuracy of + 2.4 pym
and repeatability of & 1.0 um (Fig. 13b). Two temperature-controlled
pneumatic printing heads were used to process thermoplastic bioma-
terials. The other four printing heads were used to print bio-inks.

Ozbolat et al. [137] developed a multi-arm bioprinter (MABP)
comprising pressure-assisted and piston-assisted printing heads. The
system was used to print a wide range of materials including cell
spheroids [87,138,139]. Similar systems were developed by Jung et
al. [136] (Fig. 13c), Kang et al. [ 140] and Organovo (San Diego, USA).

Recently, Ma et al. [141] developed a six-degree-of-freedom
robotic-assisted system for cartilage in situ printing composed of an
air compressor, an extrusion-based printing unit, a workbench and a
control cabinet (Fig. 14). An off-line programming software was used
for setting the printing parameters and a laser tracker was included
for calibration. The system was successfully used to treat rabbits’
osteochondral lesions with a diameter of 5 mm and a height of 4 mm.
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Fig. 14. Robotic-assisted in situ printing for cartilage regeneration. a) Schematic illus-
trations of in situ printing for cartilage defects of rabbit models using robotic-assisted
device. b) Histological characterisation of in situ printed, hydrogel implantation and
control groups, with toluidine blue, Safranin O, and collagen II staining respectively
(Scale bar: 500 pum). ¢) The osteochondral defect with a diameter of 5 mm and a height
of 4 mm created before and during in situ printing, and the defect fulfilled by hydrogel
bio-ink after in situ printing [141].

Navid et al. [142] developed a micro-capillary multi-material
extrusion-based system for a wide range of tissue engineering appli-
cations. Authors developed a computational algorithm to generate
continuous deposition path plan while changing material and

internal composition spatially and hierarchically based on assigned
functionalities (Fig. 15.a). A range of biodegradable synthetic poly-
mers were used as reinforcing material together with bio-inks with
different biological functions (Figs. 15.b and 15.c). The simultaneous
incorporation of multiple printing heads and the novel path planning
system allowed to print complex constructed with graded properties
(Fig. 15.d).
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Fig. 15. Bio-additive manufacturing procedure. a) multi-material object; b) modelled
structure; c) bioprinting; d) fabrication procedure in one layer [142].

3.3. Light-based technologies

Light-based technologies comprise a group of techniques that use
light energy to trigger a series of chemical reactions on a photosensi-
tive hydrogel system (vat photopolymerisation) or light energy to
generate radiation forces or local heating to promote the ejection of
bio-inks towards a substrate (laser-assisted cell-printing).

Photocrosslinking reactions include free radical-initiated chain
polymerization and bio-orthogonal click reactions (Fig. 16). Free radi-
cal reactions based on methacrylate functionalised pre-polymers are
the most common strategy but presents some limitations such as
poor control over the curing kinetics, vitrification and uni-molecular
termination, oxygen inhibition, and heterogeneous network forma-
tion [143-146].
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Fig. 16. Photo-polymerization mechanisms for 3D bioprinting [26].

Contrary to free radical photocrosslinking reactions, bio-orthogo-
nal click reactions are step-growth reactions not sensitive to water/
humidity or oxygen, allow the formation of uniform hydrogel net-
works and can be conducted under mild conditions [143-149].
Among the different bio-orthogonal click reactions, thiol-ene photo-
click reaction has been successfully used in the field of 3D bioprinting
allowing to effectively encapsulate a variety of cells in a wide range
of hydrogels [25,146,148-157].

Vat photopolymerization allows the fabrication of 3D cell-laden
constructs through selective photo-curing reactions that transform a
liquid material into a solid one [158—160]. Two different irradiation
approaches have been explored: masque-based and direct writing
methods. In the masque-based method an image is transferred to a
liquid polymer by irradiating through a patterned masque (liquid
crystal display (LCD) system, or digital micromirror devices (DMDs))
(Fig. 17) [161]. In the direct writing approach, a focused beam is used
to start the polymerisation process. The curing process can be
induced via single-photon or two/multi-photon polymerisation
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Fig. 17. Vat photopolymerization system suitable for bioprinting applications, which
comprises a UV lamp (385 nm), optical lenses and objectives, a DMD chip, and a micro-
fluidic device [164].

[161]. These two methods share the same chemical principle being
the main difference the number of absorbed photons necessary to
initiate the curing reaction. Contrary to single-photon polymerisation
systems that use ultraviolet or visible light, two-photon polymerisa-
tion systems use femtosecond infrared lasers [162,163]. For bioprint-
ing applications, the curing reaction must occur under mild
conditions (low light intensity, short irradiation time, physiological
temperature, and low organic solvents).

Several researchers modified vat photopolymerization system
adapting them for bioprinting of multimaterial and multicellular con-
structs. Chan et al. [165] used vat photopolymerisation to process
poly(ethylene glycol) diacrylate (PEGDA) bio-inks. To avoid cell set-
tling at bottom of the vat, each new layer of bio-ink was manually
added. A similar approach was used by Zorlutuna et al. [166] to pro-
duce spatially organized multicellular constructs. Lu et al. [167] used
a dynamic masking system to produce biological constructs using a
bio-ink made of PEGDA dissolved in phosphate buffered saline and
0.1 wt% of Irgacure 2959, containing murine OP-9 marrow stromal
cells. Results showed an encapsulation efficiency of 73% and high cell
viability after 24 h. The authors also demonstrated the feasibility of
the system to produce constructs with entrapped multiple biochemi-
cal factors with precise pre-designed and spatially patterned layers
(Fig. 18). For multi-material applications, Bartolo developed a mas-
que-based system (multi-material stereo-thermal-lithographic sys-
tem) comprising multiple vats (Fig. 19) [168,169].

Fig. 18. Fluorescence confocal microscopy of PEGDA-based bio-ink constructs pro-
duced with pre-defined spatial patterns [167].

Laser-assisted bioprinting comprises a range of techniques such as
laser-guided direct writing (LGDW), laser-induced forward transfer
(LIFT) and modified laser-induced forward transfer (modified-LIFT)
processes that allow the deposition of cell solutions with high con-
centrations of cells at high velocity (=10 m/s) [170—172]. Typically, a
laser-assisted bioprinting system consists of a pulsed laser source
(near-infrared or near-ultraviolet radiation), a “ribbon” or donor slide
comprising a light-absorbing layer and a bio-ink layer, and a collec-
tor. Upon irradiation, light is locally absorbed by the light-absorbing
layer inducing its vaporization, which results in a high gas pressure
that ejects the droplets of bio-ink towards the collector (Fig. 20)
[171-174]. As described by Guillemot et al. [173], the droplet forma-
tion is a complex mechanism that depends on the light intensity,
laser pulse duration, laser spot size, distance between the ribbon and
the collector and the thickness of the bio-ink layer. This technique
allows printing droplets of bio-inks with high printing resolution and
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Fig. 19. Multimaterial stereo-thermal-lithographic system.
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Fig. 20. Jetting regimes in laser-assisted bioprinting. Subthreshold regime (Illa): the
bubble expansion is very weak, and no jetting is formed; jetting regime (IIIb): the bub-
ble expands, collapses and a jet is formed; plume regime (IlIc): splashing mechanism
due to excessive bubble expansion overcoming surface tension [174].

high cell viability. However, the heat generated by the laser might
have a negative impact on cells.

The LGDW process employs radiation pressure to guide and
deposit cells over a distance of ~300 pm with micrometre resolution
[175]. Cell transport over distances up to 7 mm are also possible
using a hollow optical fibre. This process has been used to deposit
multiple cell types including embryonic chick spinal cord cells [176],
human umbilical vein endothelial cells [177] and mouse embryonic
stem cells [178]. However, LGDW presents low cell throughputs (2.5
cells/min) and poor reproducibility.

LIFT-based techniques make use of a high-energy pulsed laser to
induce the local melting of a liquid suspension leading to its ejection
towards the substrate [179,180]. The droplet formation depends on
both laser and bio-ink properties (the laser fluency, bio-ink viscosity,
film thickness). The LIFT process has been mainly used for the direct
writing of metals but can be also highly relevant for biomedical appli-
cations due to its unique resolution and patterning capabilities.

Modified-LIFT processes comprise two main techniques
[171,175,181-183]: the matrix-assisted pulsed laser evaporation
direct write, or matrix assisted pulsed laser direct write (MAPLE DW)
(Fig 21a) and the biological laser printing (BioLP) or absorbing film-
assisted LIFT (Fig. 21b). MAPLE DW uses a low-powered pulsed laser
operating in the UV or near-UV wavelength region, focused by a
microscope objective at the interface print ribbon/optical absorbing
material, heating and vaporizing the biomaterial. In the BioLP the
droplet formation and ejection are achieved by focusing a high-pow-
ered laser pulse (usually a near-IR laser) onto a biocompatible laser
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Fig. 21. a) The MAPLE DW system [184]; b) The BioLP system [185].

absorption interlayer (1—-100 nm) placed between the ribbon and the
cellular layer, allowing more efficient droplet ejection and high
reproducibility.

LIFT-based processes have been used to print viable mammalian
cells, including human osteoprogenitors cells human osteosarcoma
cells [183], human endothelial cells [172,180], rabbit carcinoma cell
and human umbilical vein endothelial cells [186]. In situ printing
have been also reported. Keriquel et al. [187] successfully used a
BioLP system for the in situ printing of a composite material to treat
mouse calvaria defects of critical size (Fig 22).
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Fig. 22. In vivo bioprinting using a BioLP system. a) Setup; b) Mice place in a specific
holder [187].

3.4. Other systems

Each printing method described in the previous sections present
advantages and disadvantages (Table 1) and, as a consequence, differ-
ent research groups started developing multi-modal systems by inte-
grating multiple printing principles into a single machine. Xu et al.
[188,189] developed a system combining material jetting and solu-
tion electrospinning (Fig. 23) The electrospinning unit was used to
create nanoscale polymeric meshes supporting bio-inks printed
through the material jetting unit. Some commercially systems (e.g.
RegenHu, Switzerland) also integrate extrusion-based systems and
melt-electrospinning. To increase printing resolution, Zhang et al.
[190] developed a system called E-FDM based on electrohydrody-
namic (EHD) jet printing and filament-based extrusion. The allowed
high printing resolution (10 pm) and fast printing speed of 40 mm/s.

The BioScaffolder (SYS+END, Salzgitter-Bad, Germany) (Fig 24)
allows to process a large variety of natural and synthetic materials
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Table 1
Main advantages and disadvantages of bioprinting processes [16,108-110,129,191-
193].
Advantages Disadvantages
Material jetting Low cost; high print speed, Limited bio-ink viscosi-

Extrusion-based systems

Laser-assisted bioprinting

high resolution
(20—100 pm), printing
speed and printing effi-
ciency; high cell viabil-
ity (>86%)

High versatility; ability to
print materials with a
wide range of viscosi-
ties; systems can com-
prise multiple printing
heads allowing for
multi-material/cellular
printing; high printing
efficiency

High printing resolution
(80—140 pm); high cell
density; good spatio-
temporal control; con-
trollable droplet size;
nozzle-free technique,
5o no prone to clogging
problems

ties (1-200 mPa.s);
low cell density (up to
10° cells/ml); nozzle
clogging

Low printing resolution
(200—2000 pm); low
cell viability and cell
deformation with
small printheads; noz-
zle clogging; slow
printing speed

Only able to print one
cell type at a time; low
printing efficiency;
limited range of vis-
cosities (1-300 mPa.
s); potential transfer
of cytotoxic materials
from the ribbon;
expensive systems
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Fig. 23. Multi-modal system comprising material jetting and solution electrospinning.
a) Schematic representation; b) Set-up [188].

Fig. 24. The Bioscaffolder system [194].

with up to four independent printing heads [194]. The printing unit
comprises a variety of printing technologies including pneumatic, pis-
ton, and screw-assisted extrusion, filament-based extrusion, and melt
electrospinning. The system is being improved by incorporating
syringe-based printing head to print bio-inks and an atmospheric
plasma pen for surface modification. Similarly, Liu et al. [10,195-197]
developed a plasma-assisted bioextrusion system (PABS) (Fig. 25), able
to produce multi-material/functionally graded tissue constructs using
a multi-head extrusion system (two pressure-assisted and one screw-
assisted printing heads) and a low temperature plasma jet unit for sur-
face modification. Other systems such as the one developed by Dikyol
et al. [1] combine microfluidic, coaxial material-extrusion and laser-
based multimaterial bioprinting approaches (Fig. 26).
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Fig. 26. Different biofabrication platforms employing microfluidic and laser-based
multimaterial bioprinting approaches: a) Microfluidic printhead with on-the-fly multi-
material switching capability. b) Combination of coaxial needles with microfluidic
chips, where bioink solutions are delivered from the microfluidic printhead and then
crosslinked by CaCl, supplied from the coaxial needle. c) Capillary-based microfluidic
printhead, in which bio-inks are flowed through separate capillaries without any con-
tact with each other till the end of the nozzle. d) Setup of DMD-based, microfluidics-
enabled multimaterial bioprinting platform (up) and a skeletal muscle model fabri-
cated with this platform e) LIFT setups also include multimaterial bioprinting capabil-
ity [1].
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4. Applications
4.1. Skin

Skin is the largest organ of the human body and has a wide variety
of functionalities such maintaining homoeostasis, regulating body
temperature, providing a protective barrier from external agents, and
acting as a sensory organ [198,199]. Therefore, a loss in skin function-
ality may result in serious health problems.

Several researchers used different bioprinting techniques to pro-
duce epidermal, dermal, and dermo-epidermal constructs
[41,157,200,201]. Most studies, focused on the use of UV or visible
light photocrosslinking hydrogels [25,26,202]. To take advantage of

specific attributes of other chemistries, photopolymerization has also
been combined with physical and chemical reactions, yielding dual-
crosslinked hydrogels exhibiting specific characteristics such as the
adhesion to the wound bed, self-healing and drug release ability
[203,204].

Pereira et al. [157,205] developed a single-component methacry-
late modified pectin bio-ink with a controlled density of cell-adhesive
ligands, tunable mechanical and rheological properties for extrusion
bioprinting of 3D dermal constructs. The bio-ink was designed to
allow the incorporation of cell adhesion motifs and the formation of
hydrogels by a dual crosslinking mechanism based on an ionic gela-
tion mechanism, to slightly increase the bio-ink viscosity guarantee-
ing high printability, followed by UV photopolymerization (Fig. 27).
Initial studies based on the use of encapsulated fibroblasts showed
that the printed constructs provided a suitable microenvironment for
the formation of a matrix, rich in collagen and fibronectin (Fig. 28).
To improve the properties of the printed bio-inks, increasing biocom-
patibility and producing more homogeneous hydrogel networks,
authors also developed novel protease-degradable hydrogels
obtained by UV photoinitiated thiol-norbornene click chemistry
[157]. In vitro results showed that this bio-ink was able to support
the formation of full-thickness skin with morphological resemblance
to human skin (Fig. 29).

A) Extrudable, ionically
crosslinked hydrogel

Printable and dual
cell-laden hydrogel

cell-laden bioink

Photoinitiator
5mM
Calcium chloride

p ’," ,:"‘. 6 T-}""’“" v “l
£ hNDFs \

EiCTE UV light

st I Exsion siprining Pholopolymeriation
=~ Pectin chain J~ Methacrylate @ rep A Thioether bond .++... Methacrylate kinetic chain ® Chemical crosslink @ lonic crosslink

Fig. 27. Dual-crosslinking printing approach of a functionalized pectin bio-ink [205].
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Fig. 28. a) Printed 3D construct (8 x 8 x 0.9 mm?) at day 14 post-printing; b) meta-
bolic activity of entrapped dermal fibroblasts showing that the printed constructs can
support cell growth; ¢) Morphology of entrapped dermal fibroblasts and fibronectin

network within the construct, stained for nuclei (blue), F-actin (green) and fibronectin
(FN). The scale bars correspond to 50 xm [204].

Despite the success of these mono or bilayer constructs they were
not able to recapitulate key characteristics of skin such as pigmenta-
tion and the presence of appendages such as hair follicles.

Pigmentation, an important feature of the human skin, has been
investigated by several researchers. Gledhil et al. [206] developed 3D
pigmented skin equivalents using a collagen type I bio-ink containing
induced pluripotent stem cells (iPSCs)-derived fibroblasts printed
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Fig. 29. Comparison between the 3D printed skin construct and human skin (top) and
morphological characterization of the equivalent skin after 14 days of cell differentia-
tion at the air-liquid interface. Adapted from [157].

and crosslinked on a polyethylene terephthalate substrate and incu-
bated for 7 days in culture medium. Then, iPSC-derived keratinocytes
and iPSC-derived melanocytes were seeded on top of the previously
created layer and incubated for 7 days. Finally, the construct was sub-
mitted to an air-liquid interface stratification process. Results showed
that the iPSC-derived melanocytes were able to produce and transfer
melanin. Similarly, Min et al. [207] used a multi-printhead pressure-
assisted extrusion system to print a collagen bio-ink containing fibro-
blasts to form the dermal layer upon crosslinking with sodium bicar-
bonate. Melanocytes and keratinocytes were printed on top of the
dermal layer and the construct was then submitted to air-liquid
inducing stratification and skin pigmentation. Ng et al. [208] used a
material jetting technique to produce a bilayer pigmented 3D skin,
depositing keratinocytes, melanocytes, and fibroblasts according to
predefined patterns.

Huang et al. [209] used an extrusion-based system to fabricate a
3D skin construct that promotes epidermal progenitor differentiation
into sweat gland cells using a gelatine/sodium alginate bio-ink con-
taining mouse plantar dermis and epidermal growth factors. The
developed 3D constructs with 300 xm pore size supported the cellu-
lar self-organization and formed sweat gland tissues. In vivo studies
in burnt mice demonstrated the ability to functionally restore sweat
glands. Recently, Vahav et al. [210] demonstrated the ability of induce
hair follicle formation in reconstructed skin by incorporating human
neopapillae spheroids constructed from expanding and self-aggre-
gating of dermal papillae cells into the dermis of reconstructed skin.

Vascularisation is a key feature required by a skin construct. The
lack of vascularisation compromises the wound healing process
[211]. Pre-vascularisation strategies based on the incorporation of
growth factors and angiogenic potent cells in the printed skin con-
struct is a promising approach [212,213]. Other relevant strategy
involves the use of sacrificial inks (e.g. Pluronic F-27), removed after
the printing process, which allows the formation of a network of
interconnected hollow channels within the 3D construct that can be
used for the perfusion of endothelial cells [214,215]. Another relevant
strategy is the incorporation of silicate-based biomaterials into the
skin construct. This was recently demonstrated by Ma et al. [216],
which used a gellan gum-sodium alginate-methyl cellulose bio-ink
containing strontium-silicon microparticles, fibroblasts and endothe-
lial cells. In vivo blood vessel formation was observed considering
three animal models. Moreover, Abaci et al. [217] used 3D bioprinting
to spatially micropattern a vasculature network using primary and
induced pluripotent stem cells-derived endothelial cells. The printed
skin structure was able to form a barrier function and facilitated neo-
vascularisation upon implantation on mice.

In situ skin bioprinting on small and large-size animal models
have been reported, demonstrating the potential of 3D bioprinting
for future clinical applications. Albanna et al. [218] proposed a system
comprising an imaging system for wound scanning and a material
jetting system to print bio-inks containing autologous and allogeneic
dermal fibroblasts and epidermal keratinocytes (Fig. 30). Studies on
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Fig. 30. Skin bioprinter. a) Integrated wound scanning and material jetting printing
system; b) scanning, design and printing steps [218].

mice and porcine models showed rapid wound closure, reduced con-
traction, and fast re-epithelialization.

4.2, Cartilage

Current cartilage therapies include non-surgical and surgical
treatment. Non-surgical treatments can be used for relieving the pain
and slow down the progression of osteoarthritis. However, these
only suppress or reduce the pain but not cure the joint disease. Carti-
lage defects increase in size and depth as the grade of injury
increases. Therefore, a surgical intervention will eventually be
required. Marrow stimulation such as microfracture and implanta-
tion of autograft and allograft are frequently chosen for surgical treat-
ments. However, these techniques usually form fibrocartilage instead
of the original hyaline cartilage to fill the defect. Therefore, they may
show inferior mechanical properties and longevity compared to
nature cartilage tissue [219]. Tissue engineering strategies utilising
biomaterials, cells, and biomolecules have been explored to regener-
ate damaged cartilage tissue.

For in situ cartilage printing a portable handheld device called
Biopen was developed enabling the bioprinting of bio-inks with high
cell viability [220,221]. The handheld device (Fig. 31) is flexible and
allows the deposition of bio-inks in a small area during the operation
procedure. It is also easy to sterilise due to its small size and less
costly than robotic-assisted bioprinters. The device can be equipped
with a light source allowing to process photo-curable bio-inks. A co-
axial nozzle has been also developed to allow the fabrication of con-
structs with enough structural stability [222]. The device allows fast
crosslinking (less than 1 s) and the fabrication of constructs with
Young’s modulus around 0.5 MPa, slightly lower than native cartilage
(0.5—8 MPa). However, it requires several improvements. For exam-
ple, the single size extruder nozzle limits the selection of bio-inks. It
is also challenging to achieve thermal gelation by the handheld
device without an alternative temperature system [220].

Potential next steps in the levels of autonomy and miniaturisation
of in situ printing using robotics systems include, first, higher degrees
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Fig. 31. Handheld biopen developed for in situ cartilage printing. a) In situ printing to
repair a full-thickness chondral defect in a sheep; b) The co-axial nozzle to produce
core-shell filaments via thermal of photocrosslinking methods [221-223].

of autonomy of robotic systems in conjunction with artificial intelli-
gence (Al) based control systems; second, the creation of fully
implantable robots which enable the restoration and replacement of
physiological processes; third, the realisation of micro- and nanoscale
robotic devices [224]. Impressive progresses in micro- and nano-
robotics, have been achieved, with a good example being the stem
cell laden micro-robots for knee cartilage defects (Fig. 32) [225]. The
micro-robot was fabricated using a PLGA micro-scaffold and
equipped with an electromagnetic actuation system for targeted cell
transport of the micro-robot. It also was subsequently immobilised to
the defect by a permanent magnet after the injection of micro-robots.
The micro-robot showed strong magnetic properties and ensured
degradation, viability, proliferation, and chondrogenic differentiation
of the stem cells.
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Fig. 32. Schematic representation of the use of magnetic microrobot-mediated stem
cells delivery system for cartilage defects [226].

4.3. Nerve

Like other tissues, nerve exhibits limited regeneration capabilities,
especially beyond a critical defect size (=5 mm) [227]. Current clini-
cal treatments are based on nerve sutures (neurorrhaphy or coapta-
tion) and autologous nerve transplantation. However, due limited

number of donors and morbidity at the donor site, new clinical strat-
egies are required. The advent of tissue engineering allowed the
development of artificial nerve conduits using biomaterials able to
guide the regeneration of nerve fibres (Fig. 33).
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Fig. 33. Three generations of nerve conduits and corresponding characteristics [228].

Ideal nerve conduits should be biocompatible, biodegradable,
electrically conductive, flexible, and containing internal micro-chan-
nels to promote nerve regeneration with minimal scar and also to
preventing the formation of neuromas [229,230].

Ning et al. [231] used a material extrusion system (3D Bioplotter,
Envisiontec, Germany) to print a nerve construct using a bio-ink com-
posed of alginate, hyaluronic acid, fibrin, RGD peptide and Schwann
cells (cell density of 1 x 106 cells/ ml). The bio-ink was printed on a
container including a calcium/thrombin crosslinking solution. Post-
printing analysis showed that after 10 days encapsulated cells were
alive and proliferating.

Researchers are also focusing on the in situ strategies to recon-
struct neural tissue by combining medical imaging and robotic-
assisted 3D bioprinting systems (Fig. 34) [232]. However, there are
several technical problems such as the complex surgical procedure,
the level of detail of the printed neural structure and some problems
related to the biological guidance conduit that needs to be addressed.

CAD Model of
MagueticR Reconstructed
ic Resonance

Neurograph

3D Bioprinting-Enabled
In-Situ Peripheral

Fig. 34. In situ printing to repair peripheral nerve injuries [232].

4.4. Vascular tissues

Vascularisation is a critical aspect in 3D bioprinting as oxygen dif-
fusion is only effective at short distances (100—200 xm) posing sig-
nificant limitations regarding the fabrication of large and thick
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constructs [233]. Attempts to fabricate vascularized heterogeneous
structures have been based on the use of various multimaterial bio-
printing approaches incorporating microfluidic and coaxial bioprint-
ing, multi-head 3D bioprinting systems or dual printing platforms.
Among them, coaxial multimaterial bioprinting is commonly
employed to produce constructs containing stacked perfusable tubu-
lar networks [234]. The lumen is commonly supported with a sacrifi-
cial fugitive bio-ink to provide physical support during the
bioprinting process until sufficient crosslinking is provided to the
inner wall of the vessel, being then washed out. The sacrificial fugi-
tive ink can be supplemented with a crosslinker to increase the
mechanical strength of the inner wall of the vascular structure. The
development of all-in-one coaxial nozzle or microfluidic coupled sys-
tems enabled the fabrication of vascularised heterogeneous struc-
tures by using a single nozzle system. Sing et al. [235] successfully
used a triple coaxial nozzle bioprinting system for fabrication of a
perfusable renal tubular tissue (Fig. 35).
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Fig. 35. a) Schematic diagram of microfluidic co-axial nozzle system for monolayer
(M), bilayer (B) and complex hollow tube bioprinting and representative views. b) Con-
focal images of bi-layered hollow tube, c) complex hollow tube with monolayer and

bilayer structures and d) their transitional region. Inner and outer shells were demon-
strated with red and green fluorescent beads embedded in the ink, respectively [235].
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Kucukgul et al. [236] developed biomimetic and self-supporting
scaffold-free macrovascular constructs (Fig. 36). In this study, scaf-
fold-free bioprinting of aortic tissue constructs was conducted based
on medical images of real human aorta, employing a capillary-based
extrusion of mouse embryonic fibroblast (MEF) aggregates and aga-
rose support structures from two separate printheads according to a
developed toolpath planning.

4.5. Other tissues

Cardiovascular disease is the most common cause of death in
developed countries and the only treatment option for end-stage
heart failure is a heart transplant. The limited number of suitable
donors stimulated the use of 3D bioprinting to develop cardiac
patches and whole hearts. Noor et al. [237] successfully fabricated
millimetre thick cardiac patches using an extrusion-based bioprint-
ing system to print a decellularised adipose tissue derived hydrogel
containing cardiomyocytes and endothelial. The vascular channels
were produced by printing endothelial cells in a sacrificial gelatine
bioink within the patch which was liquified at 37 °C leaving a lumen
lined with endothelial cells. In vitro and in vivo studies showed
lumen formation and significant sarcomeric actinin striation in the
patches. Furthermore, a proof-of-concept small-scale heart was

Medical Image (CT, MRI)
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Fig. 36. Scaffold-free multimaterial bioprinting of biomimetic and self-supporting
macrovascular constructs allows fabrication of vascular constructs by dispensing cells
without encapsulating them within any exogenous material [236].

printed with major blood vessels using a support bath during the
printing process (Fig. 37).

Fig. 37. Cardiac patches bioprinting. a) CAD model for human heart, b) printed heart
within a support bath, c) after removal of support medium and d) after perfusion of
red and blue dyes [237].

An alternative approach explored by Lee et al. [238] was the print-
ing of collagen only heart tissue (Fig. 38). Collagen is the main com-
ponent of the ECM, however, it is difficult to print by itself typically
requiring viscosity modifiers and chemical modification. The bio-
printing approach utilised by the authors was freeform reversible
embedding of suspended hydrogels (FRESH). Gelatine microparticles
were used as a support matrix for the extruded collagen which could
have a filament diameter as low as 20 um. The collagen printed con-
structs exhibited a microporosity, due to the removal of the gelatine
microparticle support, which aided in vascularisation. The high-reso-
lution printing of collagen allowed the fabrication of a cardiac ventri-
cle model with two separate layers of collagen encapsulating a
central bio-ink consisting of cardiomyocytes. The collagen model was
cultured for up to 28 days whilst maintaining structural integrity and
showed visible contraction with interconnected and striated cells.
Additionally, a functional tri-leaflet heart valve, multiscale vascula-
ture, and neonatal-scale human heart were all demonstrated using
this technique. Furthermore, the research group has further devel-
oped the method to bioprint a full-size heart model using alginate
rather than collagen [239].

Chronic kidney disease is a major worldwide health issue with
end-stage patients requiring life-long dialysis unless a suitable trans-
plant is found. Subsequently, biofabrication and tissue engineering
approaches are being actively explored to regenerate kidney function
or replace the kidney entirely [240,241].

A perfusable tissue chip model of the renal proximal tubule was
developed by Homan et al. [242]. A silicone gasket was initially
printed to form the chip boundary followed by casting of a gelatine-
fibrin hydrogel, then printing of a fugitive pluronic ink which was
connected to the perfusion system, and finally further hydrogel was
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Fig. 38. FRESH bioprinting of cardiac tissue using collagen. Ventricle model. A) Schematic of the bioprinting process, B) CAD design, C) and actual bioprinted ventricle model. Stain-
ing with calcium sensitive dye showing D) side view of the construct with E) spontaneous directional calcium wave propagation with F) and G) showing the top view. H) Point stim-
ulation (red dot) of the construct showing I) anisotropic calcium wave propagation and J) calcium transient traces during spontaneous contractions (top), 1-Hz (middle) and 2-Hz
field stimulation (bottom). K) Top view of the inner (yellow) and outer (red) walls of the ventricle with L) inner and outer wall motion during field stimulation (arrows indicate mag-
nitude and direction) and the M) interior chamber cross-sectional area at peak systole. Organ-scale. Functional tri-leaflet heart valve A) CAD model, B) top and C) side view of the
bioprinted construct, D) full and E) cross-sectional puCT reconstruction, and F) construct deviation from the CAD model. G) Opening sequence of valve during flow and H) doppler
flow velocimetry of a single and I) multiple cycles. J) Maximum pressure of valves compared to native tissue. K) MRI based human heart model with L) left ventricle, M) highlighted
sub-region (pink), and N) bioprinted vascular network. O) and P) show perfusion of the vascular network. Q) Neonatal sized heart model and R) bioprinted construct with S) cross-
sectional and T-W) high magnification images showing precise reproduction of the model and in-fill pattern [238].

casted on top. The pluronic was removed by cooling to 4 °C and the
hollow tubular channel remaining in the hydrogel was perfused with
media containing proximal tubule epithelial cells. The cells formed a
functional epithelial barrier. Subsequently, Lin et al. [243] further
developed the model by printing adjacent epithelial tubules and vas-
cular endothelial vessels that showed solute exchange by active reab-
sorption through tubular—vascular exchange comparable to native
kidney tissue (Fig. 39). This bioprinted model provides a platform for
disease modelling, pharmaceutics, and understanding tissue physiol-
ogy. Similarly, Similarly, Gao et al. [244] used co-axial bioprinting to
directly print tubular ephitelial and endothelial cells using a hybrid
bio-ink composed of decellularized kidney tissue and alginate with a
pluronic fugitive ink in the core. This enabled the development of a
vascularised and perfusable proximal tubule-on-a-chip model.
Kidney organoids are a promising development in disease model-
ling but are limited by variability, throughput, and scale. Lawlor et al.
[245] used an automated extrusion-based bioprinting system to
deposit a cell only paste that self-organises into a kidney organoid.
This approach replaces manual organoid preparation with a signifi-
cant increase in throughput and reproducibility with precise control
of organoid properties including size, cell number, and conformation.
Muscle has considerable capacity for self-regeneration but large-
scale loss due to trauma, disease, or surgery results in fibrotic heal-
ing and debilitating scar formation. In vivo bioprinting of muscle
has been demonstrated by Quint et al. [246] using a gelatine meth-
acrylate bio-ink and Laponite nanoclay for controlled release of vas-
cular endothelial growth factor (Fig. 40). A handheld bioprinting
device allowed the in situ deposition and crosslinking of the bio-ink
enabling the formation of an adhesive scaffold that fills the area of
tissue loss. In vivo studies in a mouse model showed improved mus-
cle recovery and a decrease in fibrosis. Similarly, Kim et al. [247]
used an extrusion-based system to print a collagen bio-ink contain-
ing gold nanowires and myoblasts. An external electrical field was
also used to guarantee high alignment of the gold nanowires

Fugitive Ink Printing Co-axial Printing

() Cast (W) Evacuate ink (v)Add cels, perfuse |
et

Fig. 39. Kidney bioprinting. Fugitive ink printing. A) Schematic of the printing pro-
cess and B) different model architectures. C) Fluorescence imaging of the glomerular
microvascular endothelial cell (GMEC) and proximal tubule epithelial cell (PTEC) chan-
nels and (inset) cross-section of the lumens. D) High magnification images of the chan-
nels. Co-axial printing. Schematic of the A) decellularisation and production of the
hybrid bioink with B) loading of endothelial (EC) and renal epithelial cells (REC). C) Co-
axial printing of mono- and bilayer tubes. D) Application of complex bioprinted hollow
tubes for in vitro models and regenerative medicine. E) Process to produce vascularised
kidney proximal tubule-on-a-chip using co-axial bioprinting and F) actual chip with G)
fluorescence and D) live/dead imaging of the tubes. Organoid printing. a) Organoid
profile depending on deposition ratio with b) cell paste spread, c) bead density quanti-
fication, and tissue height at d) day 0 and e) 12. f) Fluorescence imaging of organoids
printed at different ratios with blue showing glomerular area and g) quantification of
area versus length. h) Immunofluorescence of bioprinted organoids at different confor-
mations [243].
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Fig. 40. a) Schematic of the in vivo muscle printing process using a GelMA, Laponite
nanoclay, and vascular endothelial growth factor. b) Main features of the handheld bio-
printing device. c) In situ bioprinting of volumetric muscle loss (top) and adhering to
tissue (bottom) [246].

High particle loading biomaterial ink printing

591

promoting cell alignment and mimicking the organisation of muscle
tissue engineering.

Large-scale bone defects resulting from trauma and disease have
limited capacity to spontaneously regenerate. 3D bioprinting
approaches are being developed to fabricate scaffolds that can fill
these defect areas and promote mineralisation, osteogenesis, and
vascularisation.

A promising approach by Jakus et al. [248] is the development of
highly loaded ink composed of 90 wt% hydroxyapatite and 10 wt%
polycaprolactone or poly(lactic-co-glycolic acid) dissolved in a trisol-
vent system (Fig. 41). The graded and controlled evaporation allows
rapid deposition of hyperplastic scaffolds with high particle loading
(melt extruded scaffolds typically have lower particle loading and are
more brittle). The scaffolds promoted osteogenic differentiation of
mesenchymal stem cells without additional osteogenic factors. In
vivo studies showed high biocompatibility, tissue integration, vascu-
larisation, mineralisation, and minimal immune response.

An alternative approach to 3D printing a ceramic based scaffold
proposed by Romanazzo et al. [249] is freeform direct writing of a cal-
cium phosphate biomaterial ink into a cell-laden gelatine microgel
support (Fig. 41). The ink rapidly solidifies in situ and bone apatite
nanocrystals form. The printed structures could direct mesenchymal
stem cell organisation and promote osteogenesis depending on prox-
imity to the deposited scaffold structure. The use of non-harsh and
biocompatible solvents also enabled the loading of drugs such as
dexamethasone and ibuprofen.
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Fig. 41. 3D bioprinting of bone scaffolds. High particle loading biomaterial ink printing. The hyperelastic bone biomaterial ink shows A) flexibility, B) scalability, C) suitability for
surgical handling, D) utilisation in complex applications, and E) allows incorporation of biomolecules. Biomaterial ink printing into cell-laden support baths. Schematic of the
printing process. Hydrogel crosslinking and reinforcement. A) Schematic of the nanoengineered hydrogel network and B) printability studies [248-250].
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Although typically ceramics and bioglasses are utilised in bone tis-
sue engineering, a different class of materials, nanosilicates, have
been explored by Chimene et al. [250] in a bio-ink (Fig. 41). The bio-
ink containing GelMA and kappacarrageenan (kCA) forms an
entangled ionic-covalent network after crosslinking which is rein-
forced with nanosilicates (laponite), allowing the hydrogel to revers-
ibly dissipate energy and increase the mechanical strength and
toughness. The presence of nanosilicates promotes osteogenic differ-
entiation of the encapsulated mesenchymal stem cells without addi-
tional osteogenic factors. The cells also induce matrix remodelling
and deposition of ECM proteins within the hydrogel.

5. Challenges and opportunities

As a rapidly developing technique, 3D bioprinting faces many
challenges. Biological tissues are complex hierarchical and, in many
cases, zonal structures with a functional gradient in composition and
properties, and 3D bioprinted constructs must recapitulate these
characteristics. Therefore, to repair/regenerate biological damaged
tissues, the composition and structure of printed constructs must be
considered as key parameters. However, currently both in vitro and
in situ bioprinting studies present difficulties in recapitulating the
complexity of native tissues or promoting long-term phenotypically
stable new-formed tissues. Successful bioprinting will require multi-
ple advancements to become a viable clinical approach, and the CIRP
research community can play a pivotal role in addressing some of
these challenges. The following are key challenges:

e The ideal bio-inks should satisfy several requirements including
controllable printability, cytocompatibility to maintain cell viabil-
ity and to direct cell behaviours after in situ fabrication [108,251].
Rheological characterisation such as viscosity, which can be highly
modulated by material formulations (e.g. molecular weight, con-
centration, and curing process), can directly influence the print-
ability of bio-inks and cell distribution during the printing.
Additionally, the biocompatibility of materials, cells, and biomole-
cules guarantees positive cell viability. In the case of the photopo-
lymerisation process the selection of photoinitiators is also critical
and the combination of multiple photo-initiators sensitive to dif-
ferent wavelengths an important aspect to create multi-material
functionally graded structures. Light intensity and exposure time
are also critical to avoid potential cytotoxicity [252]. To guide cel-
lular responses after fabrication, printed constructs must have suf-
ficient mechanical properties to withstand the forces of native
tissues. Therefore, other post-printing activities, for example, a
faster curing process and double crosslinking networks, can pro-
vide an improved mechanical and biological properties. Further-
more, the degradation rate of printed materials must match the
rate of new tissue formation, which can be achieved by using
advanced materials. CIRP has a long research tradition in the field
of additive manufacturing, contributing to significant develop-
ments to the current state-of-the-art and a major role on the
industrial adoption of this technology. Our expertise ranges a
wide range of materials, including in recent years materials for
biological applications. As CIRP has significant expertise in design-
ing novel material for additive manufacturing, pre- and post-proc-
essing characterisation of these materials and in establishing
proper correlations between process conditions-morphological
development-final physical and chemical properties, our commu-
nity is well positioned to contribute to development of novel
materials for bioprinting applications. Collaborations between
CIRP members and researchers from other communities (e.g. biol-
ogists, chemical engineers) can significantly contribute to address
some of the current major challenges related to advanced materi-
als for 3D bioprinting.

Considering the prolonged fabrication time required to print com-
plex and dimensionally suitable tissues and organs, an important
disadvantages of encapsulating living cells in hydrogels is that
bio-inks need to be stored for considerable periods of time in the
machine reservoirs. This compromises cell viability and limits

their bioactivity. Therefore, more stable conditions to store the

bio-inks and a more automated way of loading and ejecting the

bio-ink are required for scale-up 3D bioprinting.
¢ An important challenge in robotic surgical bioprinting is the inno-
vation and integration of imaging, robotics, and bioprinting tech-
niques. Current imaging scan techniques such as computed
tomography (CT) and magnetic resonance imaging (MRI) may
have limited resolution, thus the constructs created may differ
from the actual native defects. Therefore, new systems allowing
for high quality data and real-time data are required to achieve
high speed, resolution, and minimal errors. Moreover, most cur-
rent bioprinting equipment uses a 3-axis motion system, which
limits the complexity of printed structure. Therefore, it is expected
that the use of multi-axis robots such as 4-, 5-, and 6-axis will sig-
nificantly increase, enabling more range of freedom and motion to
improve surgical dexterity and construct complexity. Some surgi-
cal tools also can be scaled down to enable the precise manipula-
tion of surgeons within complex or small tissue areas [253].
The next generation of robotic surgical systems should be inte-
grated with the enhanced imaging, sensing and feedback (i.e. force
and haptic feedback; thermal, pressure, and positioning sensors),
faster digital communication, and improved bioprinting systems.
The use of imaging techniques and position sensor allows the
understanding of the surrounding environment. The better imag-
ing system can also provide 3D high-resolution real-time video,
which enables the monitoring of the bioprinting process. Wear-
able eyeglasses with recording capabilities are an alternative that
can be potentially used for surgery as well [253]. At the stage of
bioprinting, another main challenge for robotic surgery is the lack
of real-time position feedback, which may cause collisions
between surgical tools and tissues. Recently, surgical systems
equipped with advanced positioning sensing and feedback sys-
tems have been used to improve real-time correction and mini-
mise error [254,255] (e.g. Teskan, www.teskan.com; and
Azorobotics, www.azorobotics.com). Furthermore, Al has been
developed for surgical robotics and to may provide faster and bet-
ter solutions to solve complex bioprinting.
This paper presented several success studies highlighting the rele-
vance of 3D bioprinting for clinical usage. However, the successful
clinical translation requires robust regulatory protocols and qual-
ity assurance standards covering all stages of the printing process
(e.g. cell biopsy/expansion, bio-ink preparation, bioprinting sys-
tem and operating conditions, culture and manipulation).
Digitisation of the entire production process is also critical for pro-
cess optimisation and to improve the quality and performance of
printed constructs. This will require new quality prediction tools
for bioprinting to predict the quality of both built and untried
printed constructs through predictive modelling (prediction
within experimental domains — class or family of biological con-
structs) and prescriptive modelling (to predict the quality of new
and untried printed constructs beyond the experimental scope).
Relevant will be also the development of 3D bioprinting digital
twin considering design, fabrication and evaluation steps and inte-
grating computer modelling and simulation, visualisation tools, Al
and data analytics.

6. Summary

3D bioprinting is an emerging multidisciplinary research domain.
This review detailed the most relevant materials and the most rele-
vant technologies in the field. The concept of bio-ink is detailed, and
main requirements discussed. Despite some successful examples
related to skin, cartilage, nerve, bone, kidney, and cardiac tissue
applications several challenges remain. As human tissues are
extremely complex it is not possible to recapitulate their functional
and structural characteristics using a single material. The combina-
tion of multiple materials and the development of functionally
graded materials is critical, together with the development of novel
materials with improved mechanical properties, biocompatibility,
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biodegradability, and printability. Moreover, biological tissues and
organs are multi-scale hierarchical structures undergoing physiologi-
cal changes in response to external stimuli. The use of smart materi-
als opens new possibilities for maturation of printed constructs in a
programmed way. However, the limited choice of biocompatible, bio-
active, and biodegradable smart materials is still a constraint. A range
of 3D printing techniques have been successfully used to fabricate
biological constructs. To recapitulate the multimaterial and hierarchi-
cal nature of biological systems novel multi-modal systems have
been proposed. Moreover, robotic-assisted 3D bioprinting systems
have been developed for in situ printing with significant success.
However, further research is still required to improve printing resolu-
tion and speed. The integration of other digital tools (big data, Al, vir-
tualisation) will contribute to further develop this research domain.
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