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Abstract
Soft tissue injuries (STIs) affect patients of all age groups and represent a common worldwide clinical
problem, resulting from conditions including trauma, infection, cancer and burns. Within the
spectrum of STIs a mixture of tissues can be injured, ranging from skin to underlying nerves, blood
vessels, tendons and cartilaginous tissues. However, significant limitations affect current treatment
options and clinical demand for soft tissue and cartilage regenerative therapies continues to rise.
Improving the regeneration of soft tissues has therefore become a key area of focus within tissue
engineering. As an emerging technology, 3D bioprinting can be used to build complex soft tissue
constructs “from the bottom up,” by depositing cells, growth factors, extracellular matrices and
other biomaterials in a layer-by-layer fashion. In this way, regeneration of cartilage, skin,
vasculature, nerves, tendons and other bodily tissues can be performed in a patient specific manner.
This review will focus on recent use of 3D bioprinting and other biofabrication strategies in soft
tissue repair and regeneration. Biofabrication of a variety of soft tissue types will be reviewed
following an overview of available cell sources, bioinks and bioprinting techniques.
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1. Introduction
Soft tissue injuries (STIs) affect patients of all age groups and represent a common worldwide clinical
problem, resulting from conditions including trauma, infection, cancer and burns. Within the
spectrum of STIs a variety of different tissues can be damaged, extending from skin to underlying
nerves, blood vessels, tendons and cartilaginous tissues. In extensive defects with injury to multiple
tissue types, major reconstructive surgery may be required. This can range from grafting tissues
including skin and nerves to free-flap reconstruction, whereby tissue is lifted from a donor site and
moved to a recipient site en bloc with an intact blood supply to cover a defect. Tissue grafts
harvested and used within the same patient for reconstruction (autografts) are considered the
current gold standard for reconstructive treatment. However, significant limitations can affect
autograft usage, including risk of donor site morbidity such as ongoing pain or infection developing
following surgery [1]. Furthermore, the amount of autograft tissue that can be harvested in a single
patient is inherently limited. Alternative tissue sources are therefore often utilised, including
allograft tissue which involves transplanting tissue from one person to another. Depending on the
required tissue type, allograft tissue such as skin can be harvested from cadaveric or living sources,
and can therefore provide greater volumes of donor tissue for clinical use than autograft sources.
However, use of allograft usage carries risk of disease transmission and immune-mediated graft
rejection; allograft tissue also lacks the cellular component found within autograft tissue that
promotes tissue regeneration [2]. Synthetic biomaterials have also been used to aid soft tissue
regeneration, including nerve guidance conduits and skin substitutes. However, limitations of their
usage include incomplete integration with host tissue, lack of biological function and risk of further
surgery being required.
Given the shortfalls of tissue grafts and other soft tissue reconstructive options, the search for novel,
biological methods of soft tissue regeneration has intensified. As a developing technology, 3D
biofabrication offers a novel approach to help ease the treatment burden of soft tissue injuries
worldwide. Biofabrication as an approach combines biological constituents such as cells, growth
factors and biomaterials with precise biomanufacturing techniques such as 3D cell printing, or
bioprinting. Complex soft issue constructs can therefore be created de novo “from the bottom up.”
Regeneration of cartilage, skin, vasculature, nerves, tendons and other bodily tissues can be
performed in a patient specific manner by incorporating clinical imaging and autologous cells into
the biofabrication process, adding a significant and novel option to the armamentarium of
reconstructive surgeons.

This review will focus on recent use of 3D biofabrication techniques to regenerate cartilage and a
range of soft tissue types found in the body. An initial overview of commonly used techniques for 3D
biofabrication of cartilage and other soft tissues will be provided, with reference to currently
available cell sources, bioinks and biofabrication platforms. A more detailed review of the
biofabrication of individual soft tissues will then be provided, with tissues including cartilage, skin,
vasculature, neural tissue and musculoskeletal tissue considered. Each soft tissue subsection will
begin with a brief overview of the normal soft tissue structure and function, followed by discussion
of the limitations of currently available reconstructive treatment options for each individual tissue.
Following this, biofabrication of individual soft tissue types is reviewed, with recent and prominent
examples of relevant tissue engineered constructs presented. Discussion will focus on the
mechanical performance, biocompatibility, bioactivity, method of biofabrication and potential
clinical translation of different soft tissue engineered constructs.

1.1

Bioprinting and the tissue biofabrication process

Bioprinting is a method of biofabrication, which can be defined as the production of complex living
and non-living biological products from raw materials such as living cells, molecules, extracellular
matrices, and biomaterials [3, 4]. Bioprinting involves the use of 3D printing technology to spatially
pattern viable living cells and other non-living biologic materials [5]. Reconstruction of a patient
defect using biofabrication begins with clinical imaging, typically magnetic resonance imaging (MRI)
or computed tomography (CT) scanning (Fig. 1). A computer aided design (CAD) model of the
patient defect can then be produced from initial clinical imaging.
Cells to be included in bioprinting can be harvested from a variety of sources, including patient blood
samples; bone marrow, skin, adipose or other tissue biopsies; donor cells may also be used from
other patients. Once a cell source is identified, culture techniques may be deployed to increase the
number of cells available for use in the bioprinting process [6, 7]. Following culture, cells are typically
encapsulated in a bioink, along with selected biomaterials such as natural or synthetic polymers,
cross-linking agents and growth factors [8-10].
Bioprinters can then be used to dispense the bioink in a precise, pre-determined 3D geometry based
on a CAD model of a patient defect. Bioprinters are increasingly sophisticated, often combining
multiple print nozzles with inbuilt sterile culture conditions; different bioinks and therefore a range

of cells and biomaterials can therefore be safely dispensed with a high degree of spatial control to
create heterogenous, 3D biological constructs [4, 8, 9, 11-16].
Bioprinted constructs can then be developed further in vitro through culture within biologically
active culture environments known as bioreactors. Alternatively, constructs can be implanted
directly into patient defects following bioprinting, or subjected to analysis and drug testing [17].

Figure 1. Tissue biofabrication process. Patient tissue defects are initially identified through clinical imaging
techniques including magnetic resonance imaging (MRI) or computed tomography (CT) scanning. Computer
aided design (CAD) software can then be used to reconstruct the defect for 3D bioprinting. Cells for bioprinting
can be taken from blood samples, tissue biopsies or donor sources, and cultured to increase cell numbers
available for bioprinting. Following culture, cells are encapsulated in bioink, along with selected biomaterials.
Bioink cartridges are then inserted into a bioprinter, which can dispense the bioink in a pre-designed 3D
geometry according to a CAD model. Bioprinted constructs can then be matured in vitro, analysed or
implanted.

1.2

Cell Source

Soft tissues are composed of a range of different cells, which together contribute a range of
biological functions that must be reproduced in bioprinted tissue. Soft tissue bioprinting may
therefore incorporate multiple primary cell types when trying to replicate native tissue;
alternatively, stem cells can be bioprinted and induced to differentiate into the range of cells present
in mature adult tissue. To minimise the risk of immune response and disease transmission, cells
included in bioinks are ideally autologous, derived from a specific patient for their own treatment.

Following bioprinting, cells within tissue constructs must also be able to respond to tissue injury,
maintain homeostasis and self-renew to ensure successful long-term function [18-20].
Thus far, stem cell types used in the biofabrication of soft tissues have included adult stem cells,
embryonic stem cells (ESCs), induced pluripotent stem cells (iPSCs) [21, 22].
Embryonic stem cells originate from the preimplantation embryo and have the capacity to
differentiate into somatic cells of all three germ layers. Consequently, ESCs can be used to derive all
cell types found within soft tissues including vascular, neural and cartilaginous tissues amongst
others [23-25]. Whilst ESCs have high proliferative capacity and pluripotency, they also require
complex culture conditions to remain in an undifferentiated and proliferative state and can also
cause immunogenic reactions [26]. Abnormal karyotypes can also develop following prolonged
culture of undifferentiated ESCs, with risk of teratoma formation following implantation in vivo [2628].
Induced pluripotent stem cells (iPSCs) are stem cells created through the artificial dedifferentiation
of adult somatic cells through exposure to selected transcription factors. iPSCs display similar
pluripotency, gene expression profiles and ability to form embryonic bodies as ESCs, whilst
overcoming the various ethical issues associated with the use of embryos in research. Whilst iPSCs
are considered pluripotent, they have a lower differentiation capacity than ESCs and carry an
increased risk of teratoma formation. Safer protocols and virus free iPSCs with reduced carcinoma
risk have been developed, increasing the potential for use of iPSCs in soft tissue and cartilage
regeneration in future [28-30].
Autologous adult stem cells are particularly attractive for inclusion in bioinks, owing to their
increased availability relative to ESCs and potential to differentiate into the multiple cell types found
in soft tissues. Furthermore, they can be isolated from various tissues including adipose tissue, bone
marrow biopsies and peripheral blood samples [31]. Commonly used examples include adiposederived stem cells (ADSCs) and mesenchymal stem cells (MSCs), which can be differentiated into
chondrocytes, osteocytes, endothelial cells, neural cells and adipocytes [32-36].
Many examples of successfully bioprinted MSCs already exist for the regeneration of skin, nerves,
blood vessels and cartilage [13, 37-39]. Allogenic MSCs are capable of generating a local
immunosuppressive microenvironment following implantation, resulting in only a weak immune
reaction [40]. Use of autologous MSCs minimises the risk of immune rejection further, although
notably for older patients the differentiation and proliferation capacity of autologous MSCs appear

to be age-dependent [41, 42]. Following in vitro culture, there are also reports that MSCs display
unstable phenotypes, reduced chondrogenic matrix formation, undesired mineralisation and cell
death on injection [41, 42]. Cell source also appears to influence MSC characteristics, with some
reports suggesting that adipose derived MSCs (AD-MSCs) have higher proliferative capacity and
apoptosis tolerance compared to bone marrow derived MSCs (BM-MSCs) [43, 44]. AD-MSCs can
also be harvested at up to 500 times the density of BM-MSCs from equivalent volumes of tissue [40,
44], with biopsy from adipose tissue also involving a less painful and invasive procedure with lower
risk of morbidity [7].
A range of fully differentiated adult cell types have also been utilised within biofabrication, including
keratinocytes, chondrocytes, endothelial cells, fibroblasts and neural cells [4, 45-50]. This strategy
has the advantage of avoiding the need to stimulate differentiation of stem cells into desired cell
types within tissue constructs. However, some biofabrication attempts have included a mixture of
differentiated adult cells and stem cells, seeking to combine the regenerative capacity of stem cells
with the specific functionality of differentiated adult cells [51]. Within cartilage regeneration,
cartilage progenitor cells have also been used, with favourable growth within gelatin methacryloyl
(GelMA)-based hydrogels found as compared to chondrocytes [52].
Following selection of an appropriate cell source, the process of 3D cell culture can also be
performed on harvested cells. This allows the creation of cell aggregates to occur, which typically
have superior intercellular communication and development of extracellular matrix compared to
cells grown in traditional 2D culture. Incorporation of cell aggregates or spheroids into bioinks
therefore promotes the development of more mature, functional tissue after bioprinting [53, 54].
There are several examples of bioprinted spheroids used in the fabrication of cartilage, blood vessels
and nerves [55-60].
1.3

Bioinks

Cells are usually encapsulated within a bioink prior to bioprinting. Bioinks provide cellular protection
during the bioprinting process and mimic the extracellular matrix environment, providing a scaffold
that promotes cellular adhesion, growth and differentiation following bioprinting [8]. Bioinks are
most often created from hydrogels, which can be defined as hydrophilic, crosslinked threedimensional polymeric network structures. Hydrogels can absorb and retain up to 1000 times their
original weight in water, making them ideal for supporting cell growth [61]. The high-water content
of hydrogels also makes them highly permeable to factors critical for cell growth and survival,
including oxygen, nutrients and other water-soluble compounds. Hydrogels are also readily

amenable to undergoing 3D printing, making them hugely attractive materials for use in
biofabrication applications [62-64].
Hydrogels used in biofabrication are most frequently derived from natural or synthetic polymers.
Constituents of the extracellular matrix, including collagen, fibrin and hyaluronic acid have
frequently been incorporated into hydrogels owing to their naturally high biocompatibility and
inclusion of cell adhesion sites; decellularized extracellular matrix (dECM) has also shown promise as
a hydrogel source for similar reasons [65-70]. Different combinations of naturally derived polymers
have also been included together in bioinks to improve overall hydrogel printability and bioactivity
[71]. However, use of natural polymers is subject to limitations, including the potential for
uncontrolled degradation of the hydrogel network to occur, resulting in structural compromise of
bioprinted constructs.
To improve the robustness of bioprinted constructs, composite hydrogels have been created
incorporating synthetic polymers either alone or with natural polymers, allowing greater control
over degradation rates and elastic moduli [72-74]. The bioactivity and cell binding of synthetic
polymers has also be increased through surface functionalisation with bioactive molecules such as
peptides, arginylglycylaspartic acid (RGD) and hyaluronan [51, 75, 76]. Bioactivity of bioinks can be
increased further by addition of growth media, biomaterials, drugs, growth factors and nutrients
[77-80]. Further features, such as tuneable mechanical stiffness, thermal and UV crosslinking and
tailored degradability have been included in synthetic hydrogels for tissue engineering [62, 77, 8183]. A range of compounds have also been added to bioinks to modulate printability, mechanical
properties, immune response and growth factor delivery, including clay [84] , hydroxyapatite [85]
and modified chitin [86]. Within cartilage and soft tissue engineering, hydrogels have been shown to
facilitate successful cartilage regeneration, angiogenesis, neurogenesis and skin production [13, 8792].
1.4

Bioprinting Techniques

A range of bioprinting techniques have been developed, allowing high cell viability to be achieved
following bioprinting. Included amongst the most commonly used techniques are extrusion, laserassisted, microvalve and inkjet bioprinting [3, 4, 80, 93-95].
Inkjet bioprinting (or drop-on-demand bioprinting) was originally adapted as a technique from
desktop inkjet printers and offers a low cost, high print speed option [96]. Inkjet systems rely on the
controlled generation of thermal or acoustic forces to eject bioink droplets from a pint head nozzle

in the same manner as commercial inkjet printers work (Fig. 2A). However, inkjet systems normally
require low viscosity bioink, limiting the size of structure that can be bioprinted. Further limitations
include the deleterious effects of exposing cells to thermal and mechanical stress during bioprinting,
nozzle clogging and variability in droplet size achieved [97-99].

Figure. 2. Common bioprinting techniques: (A) Inkjet. (B) Laser-assisted. (C) Microvalve. (D) Extrusion
bioprinting.

Laser-assisted bioprinting (LAB) systems (Fig. 2B) allow the printing of cells and liquid bioinks with
cell-level resolution. Laser-induced forward transfer (LIFT) is a common method of LAB that requires
a pulsed laser source, an absorbing layer or ribbon, and a collector substrate layer. Pulsed laser
beams are initially directed to strike a support layer, often a metal film, inducing vaporisation. This in

turn results in the release of a droplet of material from the attached ribbon, which is coated in cells
and biomaterials to be bioprinted. The droplet containing cells and biomaterials is then deposited on
the surface of the receiving substrate. This method allows picoliter-level resolution to be achieved in
some cases, making it possible to control cell density and 3D organization down to the single cell
level [100]. Limitations of LAB include potential thermal damage to cells during printing, the limited
size of structures that can be produced, high running costs and the time required to create cell and
biomaterial coated ribbons [101].
Microvalve bioprinting works by opening and closing a small valve to control the release of bioink
from a cartridge under constant pneumatic pressure (Fig. 2C). Valve opening can be achieved
mechanically, electrically or magnetically, whilst the volume of bioink that is deposited is dependent
on nozzle diameter, valve opening time, and bioink viscosity. Microvalve printing can allow
synchronized ejection of biomaterials and cells from different print-heads with very high resolution.
However, some limitations affect the use of microvalve bioprinting, including the limited range of
bioink viscosities that can be printed, potential for nozzle clogging, and changes in bioink cell density
that can occur as cells tend to sediment to the bottom of the bioink reservoir. Nevertheless,
microvalve systems have successfully printed a range of cells and biomaterials with high viability and
resolution achieved [94, 95, 102].
Extrusion bioprinting offers a different approach to the previously discussed bioprinting techniques,
in that it deposits continuous filaments of material instead of using a “drop on demand” method to
release individual drops of bioink (Fig. 2D). Typically, a pneumatic or mechanical force is applied to a
bioink-filled syringe, resulting in the controlled extrusion of a bioink filament through a nozzle.
Advantages of extrusion bioprinting include the capacity to deposit very high cell densities, low
running costs, and the ease of including a range of different cell types within prints. The adaptability
of extrusion bioprinting has allowed a large array of bioinks to be successfully bioprinted, with some
studies even manging to extrude cell filaments without an encapsulating bioink [103]. Scalability and
clinical translation are also facilitated by the high print speed possible. Limitations of extrusion
include the inability to achieve the high print resolution of some drop on demand methods and cell
survival decreasing when higher print pressures and shear stresses are generated (such as when high
nozzle gauges or viscous bioinks are used) [10].
1.5

Biofabrication techniques in soft tissue engineering

3D biofabrication techniques have undergone rapid development and innovation over the last decade
[3, 4]. Bioinks that incorporate beneficial physical and biological characteristics have been combined

with multi-material and multi-nozzle bioprinting to fabricate increasingly complex structures [104].
However, biofabrication of soft tissue constructs remains challenging as bioinks generally lack the load
bearing capacity to support their own weight without incorporation of harsh mechanical
enhancement strategies [9, 105]. A key challenge has been balancing the rheological properties of
bioinks, required for printability and structural integrity, with the biocompatibility needed to ensure
cellular viability and proliferation after bioprinting [8, 78, 106].
To address this challenge, elegant approaches have been developed that rely on the use of either
dissolvable scaffolding materials or biodegradable materials as sacrificial structures to support soft
bioinks following bioprinting. Such techniques allow bioinks that would otherwise move and flow
after bioprinting to be maintained in position and therefore be bioprinted with greater
predictability. Cellular production of extracellular matrix and crosslinking processes can be allowed
to occur before removal of supporting structures, leading to the development of complex,
heterogenous, soft tissue constructs with greater structural integrity [19, 107-109].
1.5.1

Fugitive Inks

Dissolving “fugitive” hydrogels including the co-polymer pluronic F-127 have frequently been used to
provide temporary support to mechanically weaker hydrogels (Fig. 3A) [110]. Fugitive inks have also
been printed as a removable, internal scaffolds within a larger block of cell-laden, secondary
hydrogel. The fugitive ink in this scenario can be triggered to liquify through a variation in
temperature or simply dissolved, leaving patent channels behind within the larger hydrogel structure
that can be perfused or seeded with cells and developed into vasculature [108].
1.5.2

Support baths – the FRESH technique

In the inverse of this approach, hydrogel support baths have been developed that allow the
bioprinting of low viscosity bioinks to occur (Fig. 3B). This approach typically involves bioprinting into
a secondary support bath; once cross-linking of the bioprinted bioink has occurred, the support bath
can be liquefied, leaving behind a cross-linked structure. A notable example of this approach is
provided by Hinton et al., who developed a novel technique allowing bioprinting of complex
structures from low viscosity bioinks, termed freeform reversible embedding of suspended
hydrogels (FRESH) [111].

1.5.3

Removable rods and needles – the Kenzan method

Removable rods and needles have also been used to provide structural support to bioprinted tissue
constructs [112-114]. Itoh et al. created a temporary scaffold to supporting the fusing of cell
spheroids by positioning metallic needles in a circular array (Fig. 3C). Termed the Kenzan method,
this approach permitted the fusing together of smooth muscle cell and fibroblast spheroids (650 μm,
diameter) during culture; when the metallic support needles were removed following culture, a
cellular, rigid tubular structure had been created [115, 116]. In a similar approach, Norotte et al.
successfully made use of agarose rods to support the rapid fusing together of high cellular density
cylinders into a tubular construct (Fig. 3D) [117].
1.5.4

Use of biodegradable materials to guide cell growth

Biodegradable nanofibers have also been used to direct cellular growth towards mature tissue [112,
118, 119]. Choi et al. electrospun poly(epsilon-caprolactone) (PCL)/collagen nanofibers and seeded
them with human skeletal muscle cells (hSkMCs). Compared to when cells were seeded on to
randomly oriented nanofibers, the use of unidirectionally oriented nanofibers was observed to
significantly induced muscle cell alignment and myotube formation. This technique therefore has
potential to treat clinical muscle defects by providing either implantable scaffolds for muscle
regeneration or biofabricated functional muscle tissues.
1.5.5

Coaxial printing

Coaxial printing has been widely deployed as a technique to create microtubular, soft tissue
constructs [120, 121]. Coaxial nozzles possess an inner and outer orifice, allowing an inner crosslinking agent to be extruded alongside an outer hydrogel shell. This allows rapid cross linking of the
outer shell to occur, creating a hollow tube of a diameter determined by the print nozzle (Fig. 3E)
[122, 123]. In some instances multiple orifices have been incorporated into the coaxial needle,
allowing cross-linking perfusion to occur in more than one direction during extrusion [124]. Whilst
coaxial printing can rapidly create very long conduits, production of more anatomical, bifurcating
structures with the hierarchical layers seen in native blood vessels or nerves remains challenging
using this technique.
1.5.6

Scaffold-free approaches – use of spheroids, cell sheets and tissue filaments

Scaffold-free approaches to the biofabrication of soft tissues have also been developed. Okano et al.
developed a successful method of fabricating cell sheets without the use of biodegradable scaffolds.

Cell culture on temperature-responsive dishes allowed intact cell sheets to be harvested by simply
reverting the culture dish temperature from 37°C to room temperature, triggering cell release and
avoiding the use of proteolytic enzymes (Fig. 3F). Single cell sheets can potentially be directly
transplanted onto host tissue defects, such as burns or other skin defects, to aid tissue regeneration;
alternatively multi-layered cell-sheets can be biofabricated in vitro prior to clinical use [125]. Larger
constructs including vascular grafts have been successfully fabricated by placing layer upon layer of
cell sheets together [126, 127]. By avoiding the use of additional bioinks or scaffolds, this approach
minimises the risks of host inflammatory responses occurring [128].
In a similar approach to fusing sheets of cells together, smaller micro-units of cell laden hydrogels
have been used as building blocks to create larger tissue constructs in a “micro-masonry” concept
[129, 130]. This approach allows for a high degree of modularity, as a range of hydrogelencapsulated cells be deposited side by side as micro-units with a high degree of precision, to create
larger cell-laden constructs [131].
Cell pellets, spheroids and tissue strands have also been used as building blocks to create more
complex tissue constructs. Various methods have been used to assemble cell aggregates or
spheroids, including culture moulds, cell suspensions and hanging droplet techniques [53, 55, 132,
133]. Spheroids bioprinted in close proximity have successfully fused and matured together to form
larger tissue constructs, including functional thyroid gland tissue [134, 135]. Tissue filaments have
also been successfully bioprinted to create larger patches of tissue, with Yu et al. bioprinting
chondrocyte filaments together to form a larger, fused cartilage patch [103]. Cellular fibres have
also been woven together to create cellular fibre scaffolds [136].
1.5.7

Moulding, dip-coating and rod support methods

Moulding techniques have also been used to direct the maturation of 3D tissue constructs (Fig. 3G).
Pacak et al. cast a mixture of skeletal muscle cells, type 1 collagen, Matrigel™ and NaHCO3 onto
silicon moulds. After one to two days, solidified myoblast-containing tissue constructs could be
harvested for in vitro use [137]. Tabriz et al. developed a rapid method of moulding tubular
structures by dip-coating metal bars covered in cell-laden alginate hydrogels into cross-linking
solutions, including calcium chloride or barium chloride (Fig. 3H). Following cross-linking, cell-laden
hollow tubular structures could be released from the metal bars [138, 139]. A similar methodology
was developed by Wilkens et al., who utilised motors to rotate and dip the metal rods (Fig. 3I). This
approach allowed a high level of control over individual layer thickness within vessels, with use of

rod-supports allowing successful production of a structural configuration closely resembling natural
blood vessels (Fig. 10B) [140].

Figure 3. 3D biofabrication techniques allowing bioadditive manufacture of soft tissue structures. (A)
Vasculature network creation using fugitive inks. (B) Freeform reversible embedding of suspended hydrogels
(FRESH) printing. (C) Kenzan printing of cell spheroids onto needles. (D) Use of biodegradable materials to
guide tissue formation. (E) Coaxial tube or filament formation from a modified nozzle. (F) Use of cell sheets to
create layered constructs. (G) Use of moulds to allow cell-laden hydrogels to develop into constructs. (H) Dipcoating to create tubular structures. (I) Rod support printing. Adapted from Holland et al. [49].

2. Bioprinted Tissues
2.1

Cartilage

Due to the prevalence of cartilage lesions and arthritis worldwide, and limitations of current treatment
options, significant efforts have been made to develop novel strategies to aid cartilage repair. The
following section will review cartilage structure, function and currently available techniques of repair
before considering recent attempts at cartilage biofabrication.

2.1.1. Cartilage function and structure
Articular cartilage (AC) is a highly specialised connective tissue found within articulating joints. It
principally acts to facilitate the smooth movement of opposing joint surfaces, providing a lubricated
surface with a low frictional coefficient. Despite being only 2 to 4mm thick, viscoelastic properties
and a deceptively intricate structure also allow AC to shield underlying bone from some of the
mechanical stresses applied during locomotion. Structurally, AC can be divided into four zones based
on the orientation of type II collagen fibres and proteoglycan content (Fig. 4). The superficial zone (SZ)
makes up 10% to 20% of AC thickness and has significant tensile properties, containing a high number
of flattened chondrocytes and sparse proteoglycans [141]. The middle zone represents 40% to 60% of
cartilage volume and provides resistance to compressive forces. Thick collagen fibrils are orientated
in an oblique or random fashion, with spherical chondrocytes present at low density alongside
abundant proteoglycans [142]. The deep zone acts to provide resistance to compressive forces, with
large diameter collagen fibrils and round chondrocytes arranged perpendicular to the articular
surface. [143]. Below the deep layer a tidemark interface marks the transition between AC and bone,
with collagen fibrils anchoring AC to subchondral bone [144].

2.1.2. Current techniques of cartilage repair
Despite possessing a highly developed structure, AC is frequently damaged by acute trauma, chronic
repetitive overloading and degenerative processes. However, AC is devoid of blood vessels, nerves
or lymphatics and has limited cellular content [142]. These features result in a poor intrinsic capacity
for healing and repair, with 5-10% of people over 40 having high grade AC lesions. Symptoms of
pain, instability and mechanical locking can develop, with arthroscopic surgery performed in over

150 000 patients annually in the UK on major joints including the shoulders, knees and ankles [145].
Several techniques can be deployed to treat cartilage defects surgically.

2.1.3. Microfracture
Microfracture (MF) involves making multiple holes, or “microfractures,” in the subchondral bone
underlying full-thickness chondral defects (Fig. 5A). Bone marrow oozes from the holes to form a
“super clot” over the cartilage defect, providing an enriched environment for cartilage regeneration
[146]. Despite being a relatively cost and time efficient procedure, microfracture most often results
in the production of biomechanically inferior fibrocartilage. The fibrocartilage produced typically
deteriorates within 24 months as it is exposed to mechanical joint forces; treatment of large defects
and lesions in the patellofemoral joint is particularly associated with risk of cartilage deterioration
more than 5 years after surgery [147].

2.1.4. Mosaicplasty
Mosaicplasty involves the transfer of one or more cylindral osteochondral autografts from a low
weight-bearing area of the knee towards a defective site (Fig. 5B). Grafts are harvested by miniarthrotomy and then press-fit into recipient sockets drilled into areas of defective cartilage; grafted
cartilage is therefore flush with the surrounding cartilage surface and fills the previous defect [148].
Mosaicplasty is generally restricted to young patients (under 50) with symptomatic cartilage defects
under 3 cm in diameter; limitations include management of joint congruency, achieving
osteointegration and inability to treating large lesions [149, 150].

2.1.5. Autologous chondrocyte implantation (ACI) and matrix-induced autologous
chondrocyte implantation (MACI)
Due to the shortcomings of microfracture and mosaicplasty, other techniques have been developed
including autologous chondrocyte implantation (ACI) and matrix-induced autologous chondrocyte
implantation (MACI) (Fig. 5C). ACI involves two procedures; in the first, a cartilage biopsy is
harvested to provide a chondrocyte population that is then expanded in vitro, yielding up to 50
million chondrocytes [151]. During a second procedure via an open incision, the cartilage defect is
debrided, removing damaged cartilage to expose fresh subchondral bone. The previously harvested
chondrocytes that have been expanded in vitro can then injected into the defect site, secured
beneath a periosteal flap or collagen membrane [152, 153]. ACI has the benefit of using a patient’s
own cells, as well as minimising the size of initial biopsy taken, compared to techniques such as

mosaicplasty (Fig. 5B). In MACI, harvested populations of autologous chondrocytes are incubated on
absorbable porcine-derived type I and III collagen matrices before implantation; these matrices help
to direct and stimulate autologous chondrocyte growth before implantation, whilst maintaining cell
phenotype and viability [154]. Drawbacks to ACI and MACI include the need for two operations, cost
and the prolonged recovery time required to ensure neotissue regeneration [151, 155, 156].

2.1.6. Limitations of current treatment options
Current arthroscopic repair techniques (Fig. 5) unfortunately have critical limitations including the
potential to result in mechanically inferior fibrocartilage formation, ongoing pain and morbidity, and
an inability to treat globalised AC destruction [157-159]. Over 180 000 patients therefore require
total joint replacement surgery in the UK annually, a major operation which can result in incomplete
satisfaction and residual symptoms, particularly in younger patients [160-163]. A rising number of
patients also face the prospect of requiring revision joint replacement, a technically more complex
and costly procedure with generally inferior clinical results [164-169]. Extensive efforts have
therefore been made to search for novel and alternative strategies to aid and promote cartilage
repair. In the following sections, recent use of biofabrication strategies including 3D bioprinting to
promote cartilage repair will be covered.

Figure 4. Hyaline cartilage haematoxylin and eosin stain, morphology and structure. SZ, superficial zone; MZ,
middle zone; DZ, deep zone; CZ, calcified zone; SB, subchondral bone. Adapted from Di Bella et al. [170].

Figure 5. Schematic representation of current regenerative cartilage repair techniques: (A) Microfracture
(MF) involves making multiple holes, or “microfractures,” in the subchondral bone underlying full-thickness
chondral defects. The released bone marrow forms a “super clot” that provides an enriched environment for
tissue regeneration [146]. (B) Mosaicplasty is performed by patching up articular cartilage defects using
cylindral osteochondral autografts taken from donor, low weight-bearing areas in articular joints. (C)
Autologous chondrocyte implantation is performed by injecting a suspension of previously harvested
autologous, cultured chondrocytes into a cartilaginous defect, usually beneath a periosteal flap or membrane
(ACI). Matrix-assisted chondrocyte implantation (MACI) advances ACI by incorporating chondrocyte cells into a
type-I/III collagen scaffold during the culturing process. Adapted from Jeuken et al. [171].

2.1.7. Biofabricating cartilage
The layer-by-layer approach used in many biofabrication strategies to regenerate tissue seems well
suited to the task of recreating the intricate, layered structure of cartilage. However, several
challenges exist when using a hydrogel-based approach to printing cells. To enable high resolution
and consistent printing, hydrogels must display rapid gelation, minimal extrudate swell post-printing
and shear-thinning properties [8, 172]. Although hydrogels replicate the ECM by providing a
hydrated environment, they are also limited by low compressive stiffness [105, 173, 174] . Attempts

have therefore been made to create composite bioinks for cartilage regeneration, by combining the
favourable biocompatibility of naturally derived polymer hydrogels with the superior mechanical
strength of synthetic biomaterials [13, 45, 46, 175, 176].

2.1.8. Natural polymer bioinks for cartilage regeneration
Several examples exist of bioinks created for cartilage regeneration from combinations of different
natural polymers, as researchers seek to optimise the bioactivity and mechanical properties of
bioinks.
Daly et al. evaluated the cartilage regenerative capacity and 3D printability of a range of bioinks
including GelMA, BioINK™(a Poly(ethylene glycol) monomethacrylate based hydrogel), agarose and
alginate [177]. Formation of articular hyaline-like cartilage was best supported by agarose and
alginate hydrogels seeded with MSCs, whilst more fibrocartilage-like tissue was seen to develop with
use of GelMA and BioINK™. In terms of printability, GelMA allowed generation of structures with the
greatest fidelity, followed by the alginate and agarose bioinks. MSC cell viability was high in all
bioinks post-printing (~80%)[177].
As a biocompatible and readily available hydrogel, alginate has been incorporated into several
investigations of cartilage biofabrication [13, 178]. Yang et al. mixed either agarose (AG) or collagen
type I (COL) with sodium alginate (SA) to create a bioink for bioprinting chondrocytes. Compared to
use of SA alone, mechanical strength was improved in both SA/COL and SA/AG hydrogels. The
phenotype of chondrocytes was also maintained more effectively in the SA/COL composite bionk
compared to SA and SA/AG bioinks [179]. Markestedt et al. blended nanocellulose with alginate
(NFC/A) to bioprint chondrocytes (Fig. 6). This combined the desirable, shear thinning properties of
NFC with the fast crosslinking capacity of alginate, allowing high fidelity microvalve bioprinting to
occur. Using MRI and CT data to create anatomical models, they were able to successfully bioprint
scale models of human ears and sheep meniscus with high cell viability found after 7 days [180].
Nguyen et al. also designed bioinks containing nanocellulose with alginate (NFC/A), comparing
performance to bioinks composed of nanocellulose with hyaluronic acid (NFC/HLA). Hyaluronic acid
was included for its chondrogenic potential, whilst NFC was postulated to help mimic the natural
ECM in cartilage. Microvalve bioprinting was again utilised, with Human-derived iPSCs and human
chondrocytes successfully bioprinted together [181]. Analysis of the iPSCs found good maintenance
of pluripotency after bioprinting in the NFC/HLA bioink, although cell proliferation was relatively
slow. By contrast, the NFC/A bioink facilitated good cell growth of the iPSCs and chondrocytes over a
5-week period, with development of hyaline-like cartilaginous tissue seen to occur alongside

increased cell expression of type II collagen. Park et al. investigated cartilage regeneration using
chondrocytes and a composite bioink containing oxidized alginate and HLA (AL/HLA), performing in
vivo analysis using nude mice [182]. Chondrocyte-loaded AL/HLA gels were injected subcutaneously
into nude mice and examined after 6 weeks of implantation. Histological analysis showed effective
cartilage regeneration in the AL/HLA bioink, with significant expression of chondrogenic genes
aggrecan, type II collagen, and SOX-9 and elevated glycosaminoglycan deposition compared to
control scaffolds. In a further analysis of AL/HLA scaffolds crosslinked with calcium, Park et al.
observed that increased scaffold stiffness aided maintenance of chondrocyte differentiation, whilst
addition of HLA also aided chondrocyte differentiation compared to use of pure alginate scaffolds
[91].
Gelatin methacryloyl (GelMA) hydrogels have been widely adopted in cartilage biofabrication due to
their tuneable physical characteristics and possession of degradable peptide motifs, which facilitate
cell adhesion and proliferation [183]. Costantini et al. mixed different combinations of GelMA,
chondroitin sulfate amino ethyl methacrylate (CS-AEMA) and hyaluronic acid methacrylate (HAMA)
to produce bioinks for chondrocyte bioprinting [184]. Bioinks were loaded with MSCs and
crosslinked by including 4% alginate and 0.3 M CaCl2 solution. A two coaxial-needle bioprinting
system was chosen to print the inks, allowing a high cell density and viability to be achieved postprinting. All the hydrogels investigated appeared to support chondrogenic differentiation of MSCs
after 3 weeks culture in chondrogenic medium. However, the highest levels of collagen production
and greatest neocartilage formation was seen to occur in a composite hydrogel of alginate, GelMA
and CS-AEMA.
Focussing more on the role of cell type in successful cartilage biofabrication, Levato et al. used
GelMA-based hydrogels to investigate the results of bioprinting articular cartilage-resident
chondroprogenitor cells (ACPCs), MSCs and chondrocytes for cartilage regeneration [185]. ACPCs
were found to have the greatest levels of neo-cartilage production and had higher levels of
expression of PRG4, a key factor in joint lubrication, compared to MSCs. Building on this finding, a
bilayered construct was then bioprinted containing ACPCs in one layer and MSCs below them in
another layer. This replicated the zonal architecture of native cartilage at a basic level, with a
different ECM and cellular content successfully produced in each zone and chondrogenesis
supported [185].

Figure 6. Microvalve bioprinting of cartilaginous structures. (A) The microvalve RegenHu 3D Discovery
(Switzerland) bioprinter. (B) Anatomical 3D knee meniscus bioprinted using the composite nanocellulose and
alginate (NFC/A) bioink containing chondrocytes. Adapted from Markestedt et al. [180].

2.1.9. Synthetic polymer composite bioinks for cartilage regeneration
Whilst natural polymers used in bioinks provide bioactivity and a degree of biomimicry of the native
ECM, synthetic polymers provide superior mechanical strength and structural integrity [13]. Interest
has therefore grown in the potential to combine the mechanical performance of synthetic polymers
with the favourable bioactivity of natural polymers in composite bioinks [8, 104].
Bahcecioglu et al. recently attempted to engineer meniscus replacements, impregnating a PCL
meniscus scaffold with agarose (Ag) and GelMA hydrogels in the inner and outer regions respectively
[45]. Glycosaminoglycan (GAG) production appeared to be enhanced in Ag areas of the scaffold,
whilst GelMA supported enhanced collagen production of fibrochondrocytes over an 8-week period.
Furthermore, incorporation of hydrogels into the PCL scaffold was shown to protect cells from
mechanical damage under dynamic loading conditions. In summary, a meniscus-like structure was
engineered with potential for clinical use.

Shim et al. used a multi-headed 3D bioprinter to create MSC-laden, collagen and hyaluronic acid
hydrogel constructs reinforced by PCL[186]. Designed to replicate an osteochondral plug, the
biofabricated constructs appeared to integrate well with local bone and cartilage and remain
mechanically stable following implantation in a rabbit knee. A porous, 3D PCL network was initially
printed and an MSC-rich atelocollagen solution with added rhBMP-2 was dispensed into the bottom
4mm of the PCL network, to create an osteogenic layer. Immediately above the osteogenic layer, a
hyaluronic-acid-based solution containing MSCs and TGF-ß was dispensed to create a 1mm thick top
layer to support chondrogenesis. Integration with host tissues was demonstrated by strong positive
staining for calcium deposition, collagen deposition, cell viability and observation of excellent neocartilage formation comparted to PCL control scaffolds [186].
Castro et al. also attempted to create a construct capable of replicating the osteochondral interface.
Using a custom-built stereolithography 3D printer and tailored nano-ink, they created a construct
with cartilaginous and osseous layers [187]. A cartilaginous layer was created from polyethylene
glycol (PEG) diacrylate hydrogel, core-shell poly(lactic-co-glycolic) acid (PLGA) nanospheres and
chondrogenic transforming growth-factor β1 (TGF-β1). An osseous layer was also fabricated from
nano-crystaline hydroxyapatite nanoparticles. Human bone marrow derived MSCs were directed to
undergo chondrogenic and osteogenic differentiation in vitro within the biomimetic, bilayered
osteochondral construct [187]. Bernhardt et al. used joint freeze-drying and crosslinking processes
to produce biphasic scaffolds using fibrillated jellyfish collagen and biomimetically mineralized
salmon collagen. By varying cell densities, applying alginate to the chondral section, predifferentiating cells and using osteogenic media, chondrogenic and osteogenic differentiation was
supported in scaffolds fabricated exclusively from marine collagens [188].
Groll et al. utilised a UV crosslinking approach and a synthetic polymer to optimise the printability of
hyaluronic acid for chondrogenesis. Allyl-functionalized poly(glycidol)s (P(AGE-co-G)) was chosen as
a cell-friendly cross-linker for thiol-functionalized hyaluronic acid (HA-SH), with incorporation of
thermoplastic poly(ε-caprolactone) (PCL) and high molecular weight HA (1.36 MDa) also performed
to create mechanically stable constructs for articular cartilage regeneration [189]. Human and
equine mesenchymal stem cells (MSCs) cultured in the gels for 3 weeks both demonstrated
significant chondrogenic differentiation.
Gao et al. co-printed an acrylated PEG hydrogel with acrylated peptides using an inkjet bioprinter,
with ultraviolet light used to initiate photopolymerization of the hydrogel during printing [37].
Excellent MSC viability of 87.9 ± 5.3% was observed 24 hours after printing. After 21 days culture in

chondrogenic media, a significant increase in chondrogenic gene expression and compressive moduli
was also seen, alongside abundant collagen and extracellular matrix deposition. The compressive
modulus of the printed PEG-Peptide hydrogel was also found to be over 100 times higher than that
of some natural hydrogels, exceeding 500 kPa [190, 191].
Malda et al. reinforced a GelMA hydrogel matrix with PCL microfibers produced using a meltelectrospinning direct writing process [192]. This approach allowed production of PCL filament
diameters as small as 5 μm, whilst the stiffness and deformation profile (shape of the stress–strain
curve) of GelMA could be tailored to mimic native cartilage through PCL reinforcement.
Furthermore, the tuneable scaffold supported good cell viability after 7 days in vitro culture.

2.1.10. Scaffold free approaches
Although hydrogels are frequently used to facilitate cartilage biofabrication, self-assembly
approaches have also been developed recently which use increasingly novel techniques to direct
cartilage tissue development without the use of supporting scaffoldsm[58, 193].
Yu et al. developed an interesting approach in bioprinting “tissue strands” without a hydrogel
support to facilitate fabrication of biomimetic cartilaginous tissues (Fig. 7) [58]. Initially, harvested
chondrocytes were expanded in number and then microinjected into long, tubular alginate capsules
created using a co-axial nozzle. Chondrocytes were triggered to aggregate within the tubular
alginate capsules, developing long strands of cylindrical cartilaginous tissue. Once matured, the
tissue strands were released by dissolving the alginate tubes, leaving stands of cartilage which could
then be 3D bioprinted through a specially adapted extrusion nozzle. Strands of cartilage printed
layer-by-layer were seen to unite and form larger cartilaginous structures. This approach therefore
utilised the self-assembly properties of chondrocytes to develop native-like scale-up cartilaginous
tissues. By avoiding the need for a liquid delivery medium during extrusion, and instead printing
tissue strands, tissue bioprinting in solid form was achieved in a novel approach [58].
In a further novel, self-assembly approach, Parfenov et al. performed scaffold-free, nozzle-free and
label-free magnetic levitation of tissue spheroids to form cartilaginous tissue [193]. Chondrospheres
produced from primary sheep chondrocytes using non-adhesive culture were exposed to gadolinium
(Gd3+) in culture media. Subsequently a magnetic field was produced, and with the aid of
mathematical modelling, chondrospheres were predictably directed to move into a pre-designed 3D
morphology, controlled by the magnetic field. Assembly of the chondrospheres into a 3D tissue

construct was seen to occur, showing the promise of magnetic levitation for rapid 3D tissue
biofabrication.
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Figure 7. Biofabrication of cartilage using co-axial bioprinting and tissue strands. (A) Demonstration of the
tissue strand printing and subsequent fusion process. (B) Images of printed tissue strands gradually fusing over
3 weeks of incubation. (C) 3D bioprinted tissue patches prepared for 4 mm × 4 mm osteochondral defect with
2 mm thickness. Adapted from Yu et al. [58].

2.1.11. Cartilage regeneration using injectable hydrogels

Injectable hydrogels for cartilage regeneration have attracted significant interest as they offer the
potential clinical flexibility of performing minimally invasive injections that can be moulded in-situ to
match irregular patient defects [194-196]. Accordingly a range of natural and synthetic polymers and
biomaterials have been investigated in attempts to create injectable hydrogel scaffolds for cartilage
regeneration [197-205].
Hyaluronic acid (HLA) has proven to be a popular choice for use in prospective injectable hydrogels,
as chondrocytes possess surface receptors including CD44 that allow them to bind directly to HLA,
promoting chondrocyte differentiation, ECM deposition and proliferation [206-213].
Park et al. produced a composite bioink of methacrylated glycol chitosan (MeGC) and HLA, using a
riboflavin photoinitiator to induce crosslinking of the bioink under visible light [214]. Addition of HLA
to MeGC hydrogels significantly increased chondrocyte proliferation and ECM deposition, whilst the
compressive modulus of the bioink could be increased by increasing the crosslinking time; however,
cell viability also decreased with more prolonged crosslinking.
Chen et al. mixed HLA with a RGD-functionalized pectin to produce an injectable composite hydrogel
[82]. As a constituent of the natural cell wall, pectins were included in the hydrogel due to their
hydrophilic properties and capacity to help replicate the natural ECM around chondrocytes [215,
216]. Chondrocytes grown in the composite hydrogel thrived, with high cell viability and significant
production of collagen, glycosaminoglycans and aggrecans demonstrated in vitro. Furthermore, the
hydrogel was highly biocompatible when implanted in mice for over 8 weeks, with integration with
surrounding subcutaneous tissues seen and minimal inflammation.
Yu et al. created an injectable, double cross-linked HLA/polyethylene glycol (HLA/PEG) hydrogel
[217]. Fast gelation of the HLA/PEG hydrogel was achieved through enzymatic crosslinking,
producing an injectable material. Excellent chondrocyte proliferation was observed within the
hydrogel, which also demonstrated the desirable property of being able to recover from repeated
compression and restore back to initial shape.
Guo et al. mixed HLA with chondroitin sulfate and collagen for cartilage regeneration [218].
Crosslinking of chondroitin sulfate-methacrylate (CSMA) and HLA-methacrylate alongside natural
collagen self-assembly led to the development of an interpenetrating polymeric network, designed
to replicate the native cartilage extracellular matrix. Chondrocyte secretion of glycosaminoglycans
and type II collagen was promoted in the composite hydrogel, with good cell viability also found.

Lee et al. blended HLA with collagen and fibrinogen to create a composite hydrogel, which was then
used to encapsulate MSCs. The MSC laden composite hydrogel was then applied into rabbit
osteochondral knee defects; after 24 weeks, defect healing was observed to occur, with hyaline-like
cartilage formation observed and significant production of glycosaminoglycans and type II collagen
also detected, demonstrating strong therapeutic potential [219].
Choi et al. blended type-II collagen (Col II) and chondroitin sulphate (CS) with chitosan to create a
composite hydrogel for cartilage regeneration [220]. Riboflavin was then used to crosslink the
hydrogel using visible blue light. Increased chondrogenesis, MSC proliferation and ECM deposition
was triggered by the addition of Col II or CS to the chitosan hydrogel. It was observed that Col II had
the greatest impact on chondrogenesis, suggested to be related to chondrocyte integrin α10 binding
to Col II and therefore increasing cell-matrix adhesion.
Biodegradable synthetic polymers such as polyethylene glycol (PEG) and poly (L-glutamic acid) have
also been used to produce injectable composite scaffolds for cartilage regeneration with some
success [56, 204, 221-223]. Dubbini et al mixed HLA with PEG, producing an injectable hydrogel that
could undergo dual cross-linking and thermal gelation at 37 °C [224]. Mechanical properties,
degradation rates and gelation kinetics of the hydrogel could all be tuned by altering polymer
content and the degree of vinyl sulfonation and thiolation. MSC and fibroblast viability was also
preserved in vitro over 21 days in the hydrogel.

2.2. Biofabrication of skin
2.2.1. Skin function and structure
As the largest organ in the human body, skin has a complex, multi-layered structure containing cells,
extra-cellular matrix (ECM), veins, capillaries, hair follicles and nerves [100, 225]. The epidermis,
dermis and hypodermis make up the three predominant layers of skin. In the outer epidermis,
keratinocytes are the main cell type, providing a barrier to pathogens, water loss and UV radiation.
Pigment-producing melanocytes, Langerhans cells providing immune function and Merkel cells
essential for light-touch sensation are also found. The intermediate dermis layer contains collagen,
fibroblasts critical for healing, hair follicles, sebaceous glands and sweat glands. The hypodermis or
deeper subcutaneous tissue contains fat, connective tissue, fibroblasts and macrophages [226].
Acting together, the layers of skin have several functions including providing a barrier against
mechanical, thermal and physical injury; preventing loss of moisture; helping regulate temperature;
aiding vitamin D production and acting as a sensory organ amongst other functions [227]. As the first
line of defence against external stimuli, skin is frequently subject to damage from a wide range of

aetiologies including burns, infections, trauma, cancer and other genetic and somatic diseases. The
World Health Organisation estimates that over 300 000 people die from burn injuries annually, with
a further 11 million burn patients requiring medical intervention [228].

2.2.2. Skin defect current treatment options
Where direct wound closure is not possible, autologous skin grafting is the most commonly
performed surgical procedure to achieve coverage of skin defects. Usually split-thickness grafts
consisting of the epidermis and part of the dermis are harvested from own-patient donor sites and
transferred to cover defects. However, autografts have limitations including limited donor sites
available for grafting and donor-site morbidity. Allografting (use of donor patient or cadaveric skin)
can also provide coverage in extensive wounds, although risk of rejection is significant, even within
blood type matching [229]. Xenografts can also be used, with porcine xenografts having similar
performance to allografts, although risk of disease transmission and rejection remain [230]. An
alternative approach involves grafting autologous epithelial keratinocytes after in vitro-expansion.
Whilst this approach has been used to successfully treat large burns, limitations include prolonged in
vitro expansion times, graft mechanical fragility, significant production labour and elevated risk of
scar contracture [231, 232].

2.2.3. Skin biofabrication
The limitations of current treatment options mean that a compelling demand still exists for a novel
source of artificial biomimetic skin. With the potential to become a standardised and automated
method of producing skin, 3D bioprinting skin is now a major area of research for treating patients
and testing drugs and cosmetics [233]. Biomaterials that have commonly been used to engineer skin
include natural polymers such as collagen, gelatin, silk and chitosan; a number of synthetic polymers
including polycaprolactone (PCL), poly-lactic acid (PLA) and poly-lactic glycolic acid (PLGA) have also
been used [225].
A range of bioprinting techniques have been implemented to produce skin constructs. Michael et al.
used laser assisted Bioprinting (LaBP) to create a bilayered skin construct, with a collagenkeratinocyte layer printed on top of a collagen-fibroblast layer seated on a sheet of MatridermTM.
After incubation for 24 hours, the construct was grafted onto full-thickness skin defects in mice and
left for 11 days (Fig. 8). Histological analysis after in vivo culture was very promising, with formation
of a multi-layered epidermis and ingrowth of blood vessels towards the printed cells found [100].

Figure 8. Successful implantation of biofabricated skin constructs by Michael et al. [100] Skin constructs after
implantation (left) into nude mice dorsal skin wound and on day 11 (right), with healing evident.

Lee et al. used a microvalve bioprinter to dispense fibroblasts (FBs) and keratinocytes (KCs) within
layers of collagen hydrogel, attempting to replicate the natural dermal and epidermal structure. The
3D constructs were partially submerged in media, allowing the epidermal layer to be exposed to an
air-liquid interface, promoting maturation and stratification of an epidermis. Within the dermal layer
FBs proliferated and maintained a sparse distribution, whilst KCs were able to proliferate more
rapidly on the top of the collagen matrix, fully covering the surface in under 7 days. The skin
constructs also retained their dimensions and shape during culture [234].
Cubo et al. extrusion bioprinted bioinks containing human plasma as well as primary human FBs and
KCs obtained from skin biopsies to create skin constructs (Fig. 9). Using this method, they
successfully produced 100 cm2 of printed skin in less than 35 minutes. Analysis of the printed skin
following 3D in vitro culture and also after transplantation onto immunodeficient mice found a
striking histological resemblance to mature human skin (Fig. 8) [235].

Figure 9. Extrusion bioprinted skin constructs implanted in vivo. (A) Visual appearance of the grafted human
skin produced by Cubo et al. [235]. The dotted line demarcates the boundary between human and mouse skin.
(B) Regenerated human skin stained with hematoxylin and eosin (H/E). (C) Normal human skin H/E staining.
The white dotted line in (B) and (C) indicates the dermo-epidermal junction (basal membrane, BM). Ep and De
in (B) and (C) denote the epidermal and the dermal compartments, respectively. Scale bar: 100 μm.

Ng et al. used drop-on-demand bioprinting to create pigmented human skin constructs. Taking KCs,
melanocytes and FBs from three different skin donors, they used a two-step drop-on-demand
bioprinting strategy to create biomimetic structures with hierarchical porosity and cell content, with
KCs and melanocytes patterned at desired positions. Compared to manually-cast samples, 3D
bioprinted skin constructs more closely resembled native skin tissue, with a well-developed
epidermal layer and basement membrane seen to develop [236].
Examples of successful in-situ bioprinting of skin also exist. Binder et al. developed a portable
system that coupled a laser-based wound scanning system with a cartridge-based delivery system.
This allowed the length, width and depth of a wound to be scanned, making it possible to tailor the
bioprinted construct to individual patient need. In vivo experiments on a murine model used
autologous cells loaded into a fibrin and type I collagen bioink, with inkjet bioprinted KCs seen to

proliferate and re-epithelialize a full thickness (3 cm × 2.5 cm) skin defect. Labelled autologous FBs
and KCs were still detectable in the wound after 8 weeks, showing the potential for bioprinted skin
cells to proliferate and form skin tissue in a large wound model [237]. A further study successfully
extrusion bioprinted amniotic fluid-derived stem cells (AFSCs) onto full-thickness skin wounds
(2 cm × 2 cm) in mice. Compared to fibrin-collagen gel controls, increased wound closure rates and
angiogenesis was observed in wounds treated with bioprinted AFSCs. The AFSCs were found to
secrete a number of growth factors beneficial to healing in large-scale wounds and burns [238].

2.3. Biofabrication of vasculature
2.3.1. Blood vessel structure and demand for vascular grafts
Blood vessels have a concentric, layered structure with a thin inner layer of cells known as the
endothelium. The endothelium plays a critical role in mediating the flow of nutrients and waste
products to and from the blood. Surrounding the endothelium is a basement membrane composed
largely of type IV collagen and laminin [239]. An elastic connective tissue layer known as the internal
elastic lamina surrounds the basement membrane [240]. A muscular layer which coordinates vessel
contraction or dilation through smooth muscle cell activity is then found, named the tunica media. A
further outer elastic lamina surrounds this layer, before an outer adventitial layer is found,
composed of fibroblasts in a loose collagen matrix [239].
The production of a perfusable, hierarchical vascular network that can replicate the mechanical and
biological properties of living vascular tissues remains a great challenge within tissue engineering
[16, 241, 242]. Successful transplantation of biofabricated tissues and organs is critically dependant
on integration with the host vascular network. Without a vascular network, constructs become
dependent on diffusion of oxygen and nutrients to maintain cell viability, without significant
infiltration of host vasculature occurring [243]. Unfortunately, host microvessel penetration into
constructs is often insufficient, limiting the size of construct that can be viably implanted [55, 244].
Due to vascular disease processes including atherosclerosis and aneurysm formation, significant
clinical demand also exists for transplantable vascular grafts [14, 241]. Attempts have therefore
been made to engineer components of the host vascular network, including larger
macrovasculature, such as arterioles and major arteries, as well as the corresponding, smaller-scale
microvasculature [245]. Achieving successful replication of blood vessel anatomy is important to
allow compatibility with native vessels and blood, reducing the risk of complications such as
thrombosis and loss of patency.

2.3.2. Biofabrication of vasculature
Several different bioprinting approaches for vascular tissue biofabrication having been attempted.
Using inkjet technology, Nakamura et al. biofabricated tubes by extruding alginate hydrogel into a
pool of CaCl2 solution, triggering rapid Ca+2 cross-linking of the alginate and leading to formation of
well-defined tubes. Tubular structures with wall thickness ranging from 35 to 40 μm and inner
diameter ranging from 30 to 200 μm were successfully produced using this methodology [246].
Inkjet printing has been utilised to produce 3D vascular-like structures through two main
approaches. The dispensing nozzle of the inkjet printer can be moved in parallel to the longitudinal
axis of tubular structures, allowing horizontal printing. Alternatively, vertical printing can be
performed by moving the inkjet nozzle upwards in a circumferential motion [57, 247, 248]. Several
examples of horizontal and vertical printing have been reported, with the thickness of vessels
increased through slower print speed and higher levels of bioink extrusion [57, 247-250].
Christensen et al. utilised inkjet printing to create alginate vessels with horizontal and vertical
bifurcations. Calcium chloride solution was utilised as both a cross-linking agent and support
material in this study. A 3D inkjet bioprinting system was developed, with alginate droplets
deposited into a CaCl2 solution via an inkjet printhead. The printhead was moved in the XY axes to
deposit alginate beads into a CaCl2 solution support bath, which was also gradually moved down by a
Z platform, submerging each layer of deposited alginate in CaCl2. This resulted in near instantaneous
gelation of deposited alginate bioink, and allowed production of tubular structures with horizontal
and vertical bifurcations. 3T3 fibroblasts incubated within the vessels had greater than 90% cell
viability after 24 h of incubation [251]. Laser-assisted bioprinting has also been utilised to create
vessels. Xiong et al. utilised solutions of 8% alginate and 2% alginate loaded with mouse fibroblasts
to produce straight and Y-shaped tubes. Fibroblast viability immediately after printing as well as
after 24 h incubation was above 60% in both straight and Y-shaped tubes [252].
Tabriz et al. developed a rapid method of fabricating tubular structures by dip-coating metal bars
covered in cell-laden alginate hydrogels into cross-linking solutions, including calcium chloride or
barium chloride. Following cross-linking, hollow tubular structures could be released from the metal
bars (Fig. 10A). Single layers with thickness ranging from 126 to 220 µm or multilayered tubular
structures could be produced, with cell viability in the dip-coated tubes found to be comparable to
extrusion bioprinting of similar constructs [138, 139]. A similar methodology was developed by
Wilkens et al., who implemented motors to rotate and then dip metal rods into alginate (Fig. 3I),
allowing a complex structural configuration resembling natural blood vessels to be produced (Fig.
10B). Homogenous cellular layers were deposited in well-defined concentric patterns across

multilayer vessel grafts, allowing the generation of an inner endothelial cell layer of approximately
20-30 μm to occur [140]. Zhang et al. also managed to replicate the layered structure of vasculature,
by combining electrospinning and braiding techniques. Sequentially electrospinning different ratios
of silk fibroin (SF) and poly(L-lactide-co-ε-caprolactone), they produced layers resembling the intima
and media of native vascular tissue. To create an outer adventitial layer, SF was braided on top of
the electrospun tubes. Mechanical properties of the obtained scaffold were similar to that of human
blood vessels, whilst endothelial cells and smooth muscle cells readily proliferated on the media and
intima layers. Additional heparin functionalization of the scaffolds was performed to improve the
anticoagulant properties and perfusability of the tubes during incubation in whole blood [241].

Figure 10. Biofabrication strategies to produce vascularisation (A) Alginate hydrogel tubular structures of various
diameters fabricated using a dip-coating method. Scale bar: UK 5 pence coin.[139] (B) Construct with similar layer
configuration to natural blood vessels fabricated using a rotating rod. The complex construct consists of 1 layer of
encapsulated cells in a 10% (w/v) GelMA, 3 intercalated sets of 25 micro-layers of 10% (w/v) GelMA and 2 layers of 10%
(w/v) GelMA with 0.2% (w/v) alginate. Fluorescent labelling demonstrates distinct layers, with a close-up of the layer with
encapsulated cells seen [140]. (C) A FRESH bioprinted arterial tree model (black) embedded in a gelatin slurry support bath.
A time-lapse image of dye perfused through the arterial tree shows flow through the lumen and no leakage through the

vessel wall. Scale bars 2.5 mm. [111]. (D) Illustration of tissue manufacturing process. (E) A printed tissue construct being
actively perfused an inlet and outlet seen at either end of tissue construct. Adapted from Kolesky et al. [108].

Attempts have also been made to fabricate silicon tubes with inner, biological endothelial layers
[253, 254]. Polydimethylsiloxane (PDMS) tubes manufactured with differing diameters and wall
thicknesses were seeded with human umbilical vein endothelial cells (HUVECs) on their interior
surfaces. The HUVECs adhered and developed a functional endothelium capable of expressing
natural endothelial products including endothelial biomarker (CD31), nitric oxide and von Willebrand
factor in response to vasoactive drugs. Potential uses of these elastomeric, biomimetic blood vessels
include the potential to integrate multiple organoids into a single microfluidic circuitry [253].
Hinton et al. developed a novel method capable of producing vascular structures, termed freeform
reversible embedding of suspended hydrogels (FRESH) [111]. This process involves bioprinting low
viscosity bioinks within a secondary support bath (Fig. 10C). Behaving as a bingham plastic, the
gelatin support bath allowed print needle movement under high shear stress, however following
extrusion the bioink was kept in position. The extruded structures could then be crosslinked and
subsequently released from the supporting gelatin by heating to 37°C (Fig. 3B). This method allowed
extrusion bioprinting of a range of low-viscosity bioinks including Type 1 collagen, alginate and fibrin
hydrogels. High print resolution could also be achieved, with encapsulated myoblasts and fibroblasts
successfully printed and developed into vascular networks.
Several groups have attempted an indirect bioprinting approach to create vascular constructs. This
typically involves a sacrificial bioink being deposited in cylindrical form within a larger cell-laden
hydrogel structure [108, 254, 255]. The sacrificial bioink is removed through enzymatic or thermal
decrosslinking, leaving behind patent channels within a larger hydrogel matrix. The tubular, patent
channels can then be seeded with endothelial cells and perfused with media. Pluronic F-127, a
symmetric triblock copolymer of poly(ethylene oxide) and poly (propylene oxide), has frequently
been used as a sacrificial material in composite scaffolds to aide development of vascular channels
[256-259]. Despite being highly printable and mechanically robust, F-127 lacks cell compatibility
when used as an encapsulating hydrogel scaffold [243, 260-262]. However, F-127 hydrogels have the
very useful property of being able to undergo thermoreversible gelation at physiological
temperatures. Bellow a critical micellar temperature (CMT), gelation can be reversed allowing
dissociation of the gel to occur. F-127 can therefore be printed as a fluid gel into constructs, and
allowed to set at room temperate to either provide support or maintain channels within a larger
structure. Once desired, secondary cooling of the construct can be performed, washing the liquefied
F-127 away as a fugitive ink [263, 264]. Lewis et al. exploited these properties, printing F-127

channels into a heterogenous matrix of cell-laden hydrogels. When subsequent cooling was
performed, the F-127 dissolved leaving perfusable channels (Fig. 10D). Endothelialisation of the
channels was promoted by seeding them with endothelial cells and perfusing them with media via
an external pump (Fig. 10E). After 30 days, hMSCs within the hydrogel matrix remained viable with
evidence of successful differentiation having occurred [108].
Byambaa et al. also utilised a fugitive ink to successfully create tissue constructs with perfusable
vascular lumen [265] . They began by initially extrusion bioprinting a cylinder with 5% methacrylated
GelMA hydrogel at low methacryloyl substitution (GelMALOW). Successive layers of cylinders were
then printed around the soft GelMALOW core using 10% methacrylated (GelMAHIGH). The soft inner
GelMALOW core degraded at a faster rate than the outer GelMAHIGH layers, leaving an open,
perfusable 500 μm diameter lumen after 12 days of in vitro incubation. VEGF impregnated into the
outer GelMAHIGH layers also encouraged outward vascular spreading as the inner lumen was
perfused with growth media over a 21-day period [266].
Coaxial nozzle assemblies have also been used to fabricate cellularised hollow filaments. In this
approach, a nozzle is modified to include inner and outer cores that allow gels and bioinks to be
extruded into tubes, with the final size determined by the dimensions of the nozzle (Fig. 3E). By
extruding a cross-linking agent as the inner core, the outer shell can be rapidly cross linked to form a
self-supporting hollow tube ( [122, 123]. The hollow filament size formed by coaxial nozzle-assisted
3D bioprinting systems can be controlled by changing the flow rate and concentrations of the inner
cross-linking agent, outer bioink, and the nozzle diameter. For instance, the inner diameter of
extruded hollow filaments can be increased by increasing the diameter of the inner core of the
coaxial nozzle. Inner and outer core flow rates can be increased to produce larger inner and outer
filament diameters respectively (i.e. resulting in a larger vessel lumen for perfusion and thicker
vessel wall). Similarly, a decrease in each of the flow rates can be selected to cause a corresponding
decreased in either inner or outer vessel diameter (i.e. resulting in a smaller vessel lumen for
perfusion or thinner vessel wall) [267]. Zhang et al. utilised a coaxial approach to print alginate and
chitosan hydrogel microfluidic channels. Perfusion with cell media was facilitated by the microfluidic
channels, which acted as vessels embedded in bulk hydrogels [122]. Attalla et al. developed a printhead with an integrated coaxial nozzle, allowing hollow, calcium-polymerized alginate tubes to be
produced. The vessel-like structures were successfully embedded into larger gel moulds, whilst
alteration of the hydrogel flow rates or print-head speed allowed the diameter of the hollow channel
to be precisely controlled between 500 μm - 2 mm. Active perfusion of the channels with cell media
also significantly increased cell viability [267]. Gao et al. also implemented a coaxial nozzle to

produce hollow, cell-laden alginate tubes. A custom 3D bioprinting system was used alongside a Zshaped print platform to fabricate cell-laden hydrogel structures with microchannels. Following
printing alginate vessels were immersed in CaCl2 solution to allow further alginate cross-linking to
occur. Alginate structures containing microchannels had far greater fibroblast viability compared to
structures without built-in microchannels [123]. A key advantage of coaxial printing is its ease of
manufacture, creating very long conduits in a minimal amount time. Limitations include difficulty in
creating complex, bifurcated, anatomical structures, and the creation of multiple microscale layers
seen in many native tubular organ structures [49].
A novel approach to vessel assembly using metallic needles placed in a circular array to create a
temporary scaffold was demonstrated by Itoh et al. [115]. Termed the Kenzan method, the metallic
needles acted as a support to deposited smooth muscle cell and fibroblast spheroids (650 μm,
diameter). After a period of culture in a bioreactor, the spheroids fused together, allowing removal
of the support needles to create a rigid tubular structure (Fig. 3C). As an alternative to metallic
needles, Norotte et al. utilised acellular agarose rods to support the growth and 3D fusion of high
density cellular cylinders, allowing formation of tubular tissue (Fig. 3D) [117].
Scaffold-free approaches have also emerged as viable approach to biofabricating blood vessels,
through the use of cell sheets, spheroids and tissue strands [60, 268, 269]. As these pre-fabricated
tissue building blocks fuse, they produce ECM and develop into larger vessel-like constructs [270].
The potential for spheroids to fuse together and form larger tissue constructs including vascular
tissue has been demonstrated in several studies [55, 134, 271]. Bioprinted vascular tissue spheroids
composed both of endothelial and smooth muscle cells have also been observed to undergo a cell
sorting process immediately after printing, leading to the localization of endothelial cells to the
inner, luminal portion of printed vascular tubes [272, 273]. Furthermore, bioprinted spheroids act as
in vivo paracrine stimulators of angiogenesis [274, 275].

2.4. Biofabrication of neural tissue
2.4.1. Nervous system general structure
The nervous system is divided functionally and anatomically into two main parts; the central nervous
system (CNS) and the peripheral nervous system (PNS). The brain and spinal cord as the CNS control
the body via the branching nerves of the PNS. The PNS and CNS are composed of two principal cell
types; neurons relay electrical signals in the CNS and PNS via axons to allow neurological control of

the body to occur, whilst glial cells that exist in close contact with neurons provide myelination,
mechanical and physiological support [47, 276].
Due to a variety of disease processes including trauma, infection, inflammation, cancer and
degenerative conditions, damage can occur to the PNS and CNS leading to potentially significant
morbidity and even mortality for patients. Unfortunately, the inherent regenerative capacity of the
nervous system is limited. As a result, current treatment options for neurological injuries often focus
on restoring the function of residual healthy neural tissue, rather than repairing and regenerating
diseased and damaged cells [277, 278].

2.4.2. Current treatment options for neural defects
In terms of peripheral nerve injuries, autograft repair is the current gold standard for repair where
direct end-to-end repair of transected nerve fibres is not possible. However, use of autograft tissue
has limitations; neuroma and scar tissue formation, donor-site sensory disturbance and problems in
matching nerve diameter and nerve type can all impair clinical outcome [279]. Allografts taken from
cadaveric sources provide another option but carry risk of immune rejection and disease
transmission. Grafts composed of synthetic polymers have also been used to guide nerve regrowth.
However, polymers used for this purpose are often hydrophobic and do not fully support cellular
regeneration and integration during repair[280]. Attempts to repair the CNS using autologous and
synthetic approaches have also been limited by physical scaring and myelination issues [57, 278,
281, 282].

2.4.3. Biofabrication of neural tissue
To overcome the shortcomings of current treatment options, a variety of 3D biofabrication
techniques have been used to attempt neural tissue regeneration [50, 283, 284]. A number of
different general strategies have been used, including biofabrication of customizable, acellular nerve
guides [285, 286], 3D bioprinting encapsulated neural cells within a bioink capable of acting as a
nerve guide [287] and bioprinting of tailored nerve growth factor gradients along the length of a
nerve guide to direct cell growth [283, 288, 289]. Owens et al. supported multicellular cylinders
containing MSCs and Schwann cells (SCs) with agarose rods to develop fully cellular bioprinted nerve
grafts [290]. Cylinders comprised of 90% MSCs and 10% SCs were supported with agarose rods,
which were removed after 7 days (Fig. 11). This allowed the cellular cylinders to fuse together,
forming a fully cellular nerve graft. Implantation of the cellular grafts into rat sciatic nerve defects
led to neurological recovery. In a further study, a conduit composed of adipose-derived stem cells

(ADSCs) and cryopolymerized gelatin methacryloyl (cryoGelMA) was 3D bioprinted and implanted
into a 10mm rat sciatic nerve defect. Analysis of the grafts after in vivo culture showed that they had
supported the attachment, proliferation and survival of seeded ADSCs, with up-regulation of
neurotrophic factors also found. Compared to autografts, the conduits achieved similar functional
and histological outcomes of repair [291].
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Figure 11. Nerve graft biofabrication by Owens et al. [290]. (A–F) show the layer by layer arrangement of 0.5
mm cellular and agarose rods. The outer red ring was made of bioink units composed of MSCs (red). Cylinders
comprised of 90% BMSC and 10% SC (green) were then alternated with agarose rods, which gave rise to
multiple lumina in the interior of the graft (C–E). The structure was supported by an array of agarose rods
(grey) (E), which held the conduit in place whilst the discrete bioink cylinders self-assembled (i.e. fuse)
producing a nerve graft (F). The supporting agarose rods were then removed after 7 days. Panel (G) shows the
cross section of the final graft with fluorescently labelled (green) Schwann cells seen. Removal of the agarose
rods from the fused construct resulted in three hollow channels and a fully cellular graft. (H) Histological
analysis of the of the biofabricated grafts and axons (I). Axons appear as black dots in the graft. Scale bars: 200
and 40 microns for (H) and (I) respectively.

Gu et al. created a composite bioink using alginate, carboxymethyl chitosan (CMC) and agarose to
encapsulate human neural stem cells (NSCs). The extrusion bioprinted bioink could be rapidly cross-

linked to form a porous 3D scaffold encapsulating the NSCs. After 24 days in culture, samples stained
positive for DAPI and vimentin and had minimal expression of SOX2, implying mature neurons
formation [292]. Lee et al. also deployed microextrusion, bioprinting murine stem cells within
collagen, fibrin and fibrin loaded with VEGF to create cylindrical shapes [293].
Aiming to develop a treatment for spinal cord injuries, Chen et al. 3 D bioprinted collagen–heparin
sulphate scaffolds and seeded them with NSCs [294]. Heparin sulphate was included to induce
collagen-crosslinking, allowing the creation of a 3D scaffold with consistent porosity, uniform pore
sizes and improved mechanical properties relative to a non-crosslinked collagen scaffold. Two
months after implanting the scaffold in rat spinal cord lesions, collagen/heparin sulphate scaffolds
led to significant recovery of locomotor function and electrophysiological signals. A high number of
neurofilament (NF) positive cells were also found in the rats treated with collage-heparin scaffolds
compared to a control collagen-alone scaffold treatment.
To enable CNS regeneration, Hsieh et al. investigated two thermoresponsive,
biodegradable polyurethane hydrogels (PU1 and PU2) to encapsulate and bioprint NSCs [295]. The
hydrogels were able to gelate at 37 °C without any additional crosslinker, whilst varying the polymer
concentration allowed fine-tuning of the hydrogel stiffness. The NSCs in 25–30% PU2 hydrogels had
the best results, with excellent proliferation and differentiation. Zebrafish with induced traumatic
brain injuries were also observed to improve significantly after implantation of 3D-printed NSC-laden
25% PU2 constructs [295]. Huang et al. also made use of polyurethane, mixing it with a very low
concentration of graphene (25 ppm) to prepare a nanocomposite hydrogel for NSC printing [296].
Addition of graphene to the polyurethane hydrogel significantly enhanced neural differentiation of
extrusion bioprinted NSCs and cell oxygen metabolism (2- to 4-fold increase). Wei et al. included
graphene nanoplatelets in a novel bioink consisting of gelatin methacrylamide (GelMA), bioactive
graphene nanoplatelets and NSCs. Using a stereolithography-based 3D bioprinter, they were able to
create neural constructs with well-defined architectures and homogenous cell distributions.
Bioprinted NSCs showed neuron differentiation and neurite elongation within the printed constructs
after two weeks of culture [297].
Lozano et al. attempted to create an accurate 3D in-vitro model of the brain using a bio-ink
consisting of a novel peptide-modified biopolymer, gellan gum-RGD (RGD-GG), combined with
primary cortical neurons [298]. A layered 3D structure was printed with a hand-held co-axial printer,
whilst either Dulbecco's Modified Eagle's Medium (DMEM) or CaCl2 was used to support cross-

linking of the gellan-gum. RGD modification increased cell proliferation and neural network
formation, with neural cells remaining viable throughout the printed construct.

2.4.4. Biofabrication of neural disease models
Bioprinting has also been used to help develop neural disease models. Dai et al. encapsulated
glioma stem cells in a composite bioink consisting of gelatin, alginate and fibrinogen [299]. Following
bioprinting, glioma stem cells demonstrated high proliferation rates and high cell viability. Drugsensitivity analysis found that the 3D printed tumour model created was more resistant to
chemotherapy than a 2D monolayer model. The 3D bioprinted glioma model therefore appeared to
provide a novel and valuable model for studying drug resistance and anticancer drug susceptibility in
vitro. In a further study, Dai et al. used a custom-made coaxial extrusion 3D bioprinting system to
create self-assembling, multicellular brain tumour fibres (Fig. 12) [300]. Use of a co-axial system
allowed the creation of a “core-shell” model, whereby an outer alginate hydrogel shell provided a
scaffold to an inner core consisting of a high-density suspension of glioma stem cells. Removal of the
outer alginate shell after cell maturation led to the creation of multi-cellular fibres, which
maintained their structural integrity on physical manipulation. Through adjustment of the co-axial
extrusion speed, the inner diameter of the shell, or the diameter of the core cell fibre, could be
controlled. Surrounding stromal MSCs and glioma stem cells within the tissue fibres were also noted
to interact and exchange viral vectors. This method of fabrication therefore appeared to provide
valuable 3D models for studying the tumour microenvironment and tumour-stromal interactions in
vitro. Other biofabrication methods including inkjet, microextrusion and laser technologies have
been used to create 3D cancer models; regardless of biofabrication method, 3D cancer models have
been found to mimic the tumour microenvironment better than 2D models [48, 301]. Hopefully in
future this will improve understanding of cancer mechanisms and aid in the development of new
clinical therapies and drug screening [302-304].
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Figure 12. Use of a co-axial system to produce self-assembling, multicellular brain tumour fibres (A) A coaxial
3D bioprinting system consisting of a XYZ three-axis platform, syringe pump, coaxial nozzle and computercontrol system. (B) Varying styles of coaxial printing nozzles used on the bioprinting platform. (C) Schematic of
the biofabrication process of multicellular heterogeneous tumour fibres: coaxial bioprinting, in vitro culturing
and de-crosslinking. (D) The coaxial 3D bioprinted tumour fibre within an alginate shell (E) The tumour fibre
after removal of the alginate shell (F-G) Cell fibres containing RFP-expressing tumour cells and GFP-expressing
MSCs after bioprinting and 3 days in vitro culture. Adapted from Dai et al. [300].

2.5. Biofabrication of muscles, tendons and ligaments
2.5.1. Musculoskeletal (MSK) system function and current treatment options for MSK
injuries
The musculoskeletal (MSK) system facilitates locomotion by efficiently transferring the forces
generated in muscles through tendons and ligaments onto bones to effect joint movement.
However, due to processes including trauma, connective tissue disease, metabolic disease, infection,
drug side-effects and inflammation, damage can occur to the MSK system resulting in pain and
disability for patients [305]. In the case of significant tendon and ligament damage, it is often
necessary for surgical repair to be performed with autograft, allograft or synthetic grafts. Autograft
tissue usually provides the best clinical outcome, but is inherently limited in supply and can be
associated with donor site morbidity including ongoing pain and functional impairment [306].

Allograft tissue repairs have limitations including risk of immune rejection, whilst synthetic grafts
often inhibit vascularization and de novo tissue formation. Repair is also no guarantee of success,
with for example anatomical failure of rotator cuff tendon repairs reported at near 27% after 23
months [307]. In the case of muscular degenerative conditions, the role of surgical intervention to
aid regeneration and repair is limited and management is often therefore conservative [308].
Recovery and rehabilitation can be prolonged, with degenerative conditions often having poor
prognosis [309].

2.5.2. Biofabrication of MSK tissues
Due to current treatment option limitations, several groups have attempted to biofabricate MSK
tissues, often using a combination of synthetic and natural polymers to guide cell growth. Kang et al.
made use of an “integrated tissue-organ printer” to bioprint skeletal muscle structures (Fig. 13) [19].
Mouse myoblast cells were bioprinted using a mixture of hydrogels (hyaluronic acid, gelatin and
fibrinogen) whilst PCL was simultaneously deposited in well-defined patterns to aid myoblast
alignment. After 7 days, muscle-like structures were seen to develop as the myoblasts aligned along
deposited PCL patterns, with high cell viability demonstrated. Implantation of the constructs in vivo
led to integration with the common peroneal nerve after 2 weeks, with local musculature also seen
to respond to electrical stimuli, implying successful development of innervation. Choi et al. also
made use of PCL to guide alignment of skeletal muscle cells [118]. Electrospinning a blend of PCL and
collagen, they produced nanofibers with different fibre orientations. Unidirectionally oriented
nanofibers were noted to significantly induce human skeletal muscle cell alignment and myotube
formation when compared to cells seeded on randomly oriented nanofibers. Mozetic et al. used a
different approach, extrusion bioprinting a scaffold with a composite hydrogel of pluronic/alginate
loaded with murine myoblasts [310]. Using this approach, they were able to induce 3D myotube
alignment and elongation whilst allowing cell survival and myogenic differentiation. Significantly
improved expression of myogenic genes as compared to that achieved using conventional 2D culture
was also noted.

Figure 13. Biofabrication of skeletal muscle structures. (A) PCL pillar and hydrogel containing scaffold
designed to encourage muscle organization. (B) Live/dead staining of encapsulated muscle cells showing high
cell viability after printing (green: live cells; red: dead cells). (C) Illustration showing ectopic implantation of
bioprinted muscle next to common peroneal nerve (CPN) in vivo. (D) Harvested muscle implants after two
weeks, showing the presence of organized muscle fibres and innervation from the CPN. Adapted from Kang et
al. [19]

Successfully attaching biofabricated muscle to bone requires the development of a seamless
interface capable of transferring forces from muscle to tendon. Within normal anatomy,
myotendinous junctions (MTJs) allow the seamless transfer of forces through muscles into tendons,
merging two biomechanically and biologically disparate tissues together [311]. In contrast to
skeletal muscle, which is mainly composed of cells with limited extracellular matrix (ECM), tendinous
tissue is mainly composed of collagen ECM with a low number of embedded cells [312]. Although
tendons appear simple in structure, the role of individual tendon components in repair and
regeneration is still not fully understood [313, 314].

Attempting to recreate the MTJ, Merceron et al. bioprinted a construct with three continuous but
distinct regions allowing a transition between muscle and tendinous tissue to occur (Fig 14). A
muscle section was created by printing polyurethane (PU) and muscle cells, followed by an interface
between the tendon and muscle sections composed of overlapping PU–PCL fibres with muscle and
tendon cells also present, which then attached to a final tendon section created from printed PCL
and tendon cells [315]. PCL was chosen in the tendinous section to mimic the relatively stiff
biomechanics of tendon, whilst PU was used in the muscle section to mimic the elastomeric
properties of muscle, allowing repeated contraction and relaxation. Myoblasts and fibroblasts were
deposited simultaneously within the hydrogel construct as it was built up layer-by-layer. Analysis of
the final construct found the muscle section to be relatively elastic (elastic modulus = 0.39 ± 0.05
MPa), the tendinous PCL-fibroblast section to be relatively stiff (E = 46.67 ± 2.67 MPa) whilst the
transitional section between the two had intermediate stiffness as intended (E = 1.03 ± 0.14 MPa).
The constructs also supported greater than 80% cell viability one week following printing, with
evidence of initial tissue development and cellular differentiation seen. Results were therefore
promising, with longer term in vivo studies required to evaluate translation potential.
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Figure 14. Biofabrication of the myotendinous junction (A) Schematic of 3D integrated organ printing (IOP)
system. (B) Bioprinted myotendinous construct with PU side on top, PCL side on bottom, and 10% overlap area
at interface in centre. SEM images showing (C) PU side, (D) interface region, and (E) PCL side. Areas of welding
between two polymers indicated by arrowheads. (F) Myoblast and fibroblast cell viability assessed at 1 and 7 d
after printing using a Live/Dead cytotoxicity assay was over 80%. Adapted from Merceron et al. [315].

Attempting to solely regenerate tendon tissue, Sensini et al. made use of electrospinning to produce
a blended fibre of poly (L-lactic acid) (PLLA) and collagen (Coll), with comparison made to
electrospun bundles of pure PLLA [316]. Bundles with individual fibre diameters of 0.31 ± 0.09 μm
(PLLA/Coll blend) and overall diameters of 300-500 μm were produced. Tensile tests performed on
the bundles found the PLLA/Coll blend found to most closely resemble native tissue, whilst good
adhesion of tenocytes and high cell viability after 14 days culture was also observed.

3. Conclusions and future perspectives
During this review we have seen a number of successful attempts at biofabrication of soft tissues
including cartilage, skin, peripheral nerves and blood vessels. A range of bioprinting techniques have
been deployed, with frequent use of natural and synthetic polymers together in constructs that aim
to achieve favourable bioactivity and mechanical properties. However, significant challenges remain
that must be overcome to allow efficient translation of biofabricated soft tissues from the bench
side to the bedside. Bioinks often have low viscosities to facilitate bioprinting; however, to replicate
natural tissues it is desirable to be able to print complex structures with hierarchical
microarchitectures. As a result, several novel approaches have emerged that facilitate increased
print resolution and construct support following bioprinting, including techniques such as FRESH
bioprinting and the use of fugitive bioinks [108, 111]. Scaling up bespoke, novel biofabrication
platforms to allow treatment of high volumes of patients and large tissue defects also remains a
challenge. Mironov et al. suggest that “It is not sufficient to develop just one robotic device—a
bioprinter … [it] will require the development of series of integrated automated robotic devices, or
an organ biofabrication line” [134]. To increase the scalability of biofabrication platforms, the
bespoke systems often used in current research must be developed towards standardized and
integrated systems capable of the high throughput performance required in clinical practice [4, 13].
Such systems would allow the sequential development of printed constructs into vascularized living
tissue or organs suitable for patient use. However, there are some remaining technological, ethical
and regulatory challenges that must be overcome to enable this. To replicate the complex
hierarchical nature of bodily tissues, high resolution bioprinting is required; however, current “drop
on demand” methods of achieving high print resolution including laser-assisted and inkjet
techniques currently lack the capacity to produce large scale, thick tissue constructs in the volume
required for clinical usage [10, 14, 174]. Extrusion bioprinting, whilst perhaps lacking the cellular
resolution of other techniques, offers a larger scale bioprinting platform; when combined with selfassembly techniques, this approach has already allowed successful generation of thick tissues such
as cartilage [58].

A further challenge exists when trying to determine the bioink or scaffold biofabrication process best
suited to regenerating an individual tissue; a vast array of cell sources, biomaterials, growth factors,
biofabrication techniques, bioreactors and 3D culture techniques have been investigated thus far,
sometimes with conflicting evidence [3, 4, 13, 80, 93]. Balancing all the technical requirements of
tissue constructs also remains challenging; for example, increasing scaffold porosity to facilitate
inwards cell migration and nutrient diffusion also reduces the mechanical strength of a construct
[13, 317]. Tuning degradation levels of bioprinted scaffolds to allow timely formation of new tissue
also represents a further challenge; if a scaffold material degrades rapidly, loss of tissue architecture,
blood supply and cellular organisation could occur. Similarly, if a scaffold material is too resistant to
biodegradation, a host inflammatory response could be triggered against the foreign material of the
scaffold, leading to scar tissue formation and poor tissue regeneration. Biofabrication of fully
vascularised constructs that integrate multiple tissue types together has also yet to be achieved
large-scale; patients with soft tissue defects involving full thickness tissue loss still face the prospect
of major reconstructive or amputation surgery depending on injury severity.
A lack of long term in vivo studies following implantation of bioprinted cells and constructs into the
human body also exists. It is therefore difficult to properly characterise the risk of implanting
biomaterials or cells into a patient; breakdown products could trigger unforeseen immune reactions,
as has occurred following some modern hip replacements [318]; furthermore, implanted cells could
migrate or dislodge from constructs, causing ectopic tissue growth or teratoma formation depending
on cell types used [24-26]. The long term in vivo performance of many novel biomaterials, assessed
by their degradation profiles, tissue integration and biocompatibility remains uncertain [319]. An
ethical challenge may also arise in future from the cost of implementing biofabrication technology,
as wealthy patients could have greater access to the technology , bypassing transplant waiting lists
by paying for their ‘own’ tissue or organs, whilst patients with less resources are forced to wait for
donor tissue or undergo alternative procedures such as amputation or dialysis. However, as
scalability of the technology is improved, the ethical dilemma of having a “two-tiered” level of access
to new tissue and organs may reduce. Furthermore, biomaterials are not infrequently animal
derived, which some patients may find disagreeable.
Despite these challenges, the field of 3D biofabrication offers an increasingly large number of
potential solutions to help ease the treatment burden of soft tissue and cartilage defects.
Biofabricated soft tissues have already been successfully implanted in vivo within several studies,
thanks to the increasingly sophisticated control available over construct content and
microarchitecture. When combined with the increasing range of available bioinks, bioprinting

techniques, biomaterials and anatomical scaffold designs, future potential to biofabricate patientspecific tissue constructs to treat individual soft tissue defects is vast. As biofabrication platforms
become more standardised and increase in scale, it is hoped that increasingly cost effective and
reproducible treatment tailored to the individual patient will become possible in future.
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