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Abstract

Bioprinting is the process of creating three-dimensional structures consisting of biomaterials, cells, and biomolecules. The
current additive manufacturing techniques, inkjet-, extrusion-, and laser-based, create hydrogel structures for cellular
encapsulation and support. The requirements for each technique, as well as the technical challenges of printing living
cells, are discussed and compared. This review encompasses the current research of bioprinting for tissue engineering

and its potential for creating tissue-mimicking structures.
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Introduction

Tissue engineering is a subcategory of regenerative medi-
cine aimed at repairing or replacing damaged and impaired
tissues. Conventional methods used for manufacturing tis-
sue engineered scaffolds lack the ability to produce highly
repeatable designs with precise, well-defined micro- and
nanoscale structures. 2

Three-dimensional (3D) printing (or additive manufac-
turing (AM)) is capable of producing scaffolds fabricated
to patient-specific requirements. Bioprinting uses AM
techniques to produce 3D structures consisting of living
cells, biomaterials, and active biomolecules. One of the
main advantages of bioprinting is the homogencous distri-
bution of cells,? which can otherwise be an issue when
seeding cells onto large tissue scaffolds. First patented
attempts of bioprinting started with filling cartridges of
table-top inkjet printers with bioinks, which mainly con-
sisted of cell-laden hydrogels.* Although research using
inkjet technology was an early adapter for bioprinting,
many other AM techniques have also been utilized.
Currently used bioprinting techniques are based on inkjet,
extrusion, or laser AM technology.

Each bioprinting technique primarily uses hydrogels as
a basis for printing in the form of a bioink. Hydrogels are
materials with 3D molecular networks that have a high
water intake. Their high water content allows for cell
entrapment and encapsulation without inflicting damage to
the cells. Therefore, hydrogels are most commonly used as

the base material for bioinks.> The main parameters for
developing a bioink are as follows: the choice of material,
its concentration, and chemical properties. The main con-
siderations for bioinks have been explored in a review by
Prendergast et al.® This review will cover the main con-
cepts behind each bioprinting technique, as well as current
research into the development of bioprinted tissue scaf-
folds. An overview of the most significant research com-
paring different tissues and each bioprinting technique is
shown in Table 1.
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Table I. Overview of the most significant research comparing different tissues and bioprinting techniques.

Bioink Cell type Results Reference

Skin

Inkjet-based

Collagen type | Fibroblasts Developed a multilayered skin model with multiple cell types ~ Cui and Boland’;
Keratinocytes Christensen et al.8

PEG Fibroblasts Developed an all-in-one solution for printing skin Ku®
Keratinocytes

Collagen HMVECs Successfully transplanted printed skin grafts into mice Lee et al.'”
NHDF

Fibrinogen—collagen MSCs Successfully demonstrate in-situ printing to repair full Lee et al."

thickness skin wounds on the backs of mice

Extrusion-based

PDMS Fibroblasts Developed a multilayered epidermal skin layer Cui and Boland’
Keratinocytes

PCL HDFs Developed a new 3D cell printing strategy to fabricate a 3D Zhu and Liang'?

Laser-assisted
Alginate + blood plasma

Bone and cartilage
Inkjet-based
Fibrin/collagen hydrogel

PEGDMA

PEGDMA
Extrusion-based
Matrigel and alginate

PCL
GelMA and HAMa
GelMA

PClL-alginate gel

Stereolithography
GelMA and nHA

GelMA and collagen type |

GelMA + PEGDA +
TGF-BI
Laser-assisted
Sodium alginate

N.A.

Neural
Inkjet-based
Phosphate-buffered saline

Dulbecco’s modified Eagle’s

medium

HEKs

Fibroblasts
Keratinocytes
hMSCs

Chondrocytes
Chondrocytes
Chondrocytes

EPCs

MSCs

hASCs

IPFP cells
Chondrocytes

Chondrocytes

Osteoblasts
hMSCs
hMSCs
hMSCs

Osteosarcoma
cells (MG63)
HUVECs

CHO and rat
embryonic
motoneurons
Primary rat
embryonic
neurons

skin tissue model

Performed accurate positioning of multiple cell types

Successfully demonstrated cartilage formation when implanted
in mice

Used FGF-2 and FGF-2/TGF-B1 doped scaffolds for cartilage
development

Demonstrated potential for in-situ printing

Observed bone-like formation in the scaffold 6 weeks after
implantation in mice

Performed craniofacial regeneration

Successfully demonstrated reconstruction of chondral defects
Cartilaginous tissue was observed after 4 weeks when
implanted in mice

Cartilaginous tissue formation was observed in the scaffold
when implanted in subcutaneous spaces of mice

Developed a 3D bone-mimicking model to study metastasis

Developed a method to minimize oxygen inhibition
Fabricated scaffolds from a precursor hydrolgel, in which cells
and nanospheres were suspended

Evaluated the effect of 3D positioning of cells on PCL
biopapers

Performed positioning of enothelial cells within osseous
biopapers to induce vascularization

Demonstrated successful printing of neural cells using a
thermal inkjet printer

Demonstrated that there was no difference in cell survival
rate and neurite growth between printed and non-printed
cells

Lim et al.'?

Xu et al.'

Cui etal.'s

Cui etal.'®
Ozbolat and
Hospodiuk'”
Bishop et al.'®
Fedorovich et al.'?

Hung et al.2°

Oussedik et al.2!

Zhou et al.22

Tzeng et al.??

Weil3 et al.*

Morris et al.2

Williams et al.2¢

Xu et al.?’

Xu et al.28
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Table 1. (Continued)

Bioink Cell type Results Reference

Extrusion-based

PU NSCs Repaired damaged nervous system in adult zebra fish Chung et al.?

N.A. BMSCs Successfully fabricated purely cellular nerve grafts Pranzo et al.3%;
Kundu et al.3!

Stereolithography

GelMA and graphene hNSCs Fabricated 3D scaffolds with a homogeneous distribution of Lu et al.32

nanoplatelets cells and graphene nanoplatelets

Corneal

Extrusion-based

Sodium alginate and Corneal Demonstrated cell viability of KC remained 90% after day | of Kim et al.33

collagen keratinocytes post printing

Laser-assisted

Collagen | + recombinant ~ hESC-LESCs Performed accurate positioning of multiple cell types Park et al.3

laminin hASCs

Cardiac

Inkjet-based

Alginate Cardiomyocytes Successfully printed half heart shape with two connected Lorber et al.3

Alginate and gelatin gel

Endothelial cells

ventricles, showed contract rhythm under electric stimulation
Printed tubes, branched tubes, hollow cones, and capillaries
with a microscopic porosity

Achieved confluent cell linings with a ring-shaped

Printed vascular shapes using a liquid support material

Developed a microfibrous scaffold capable of spontaneous and

Printed scaffold began to be remodeled after 3 days in culture

Employed dielectrophoresis in cell patterning prior to printing

Fibrin hydrogel HMVEC
microvasculature
Sodium alginate NIH-3T3
Extrusion-based
GelMA iPSCs
synchronous contraction
Me-HA HAVIC
Muscular
Extrusion-based
PEGDA and GelMA NIH-3T3 and Successfully implanted in rats
c2Cl2
Stereolithography
PEGDA ESCs and
c2Cl2
Dental
Extrusion-based
GelMA and PEG PDLSCs

PCL and B-TCP

Successfully demonstrated an array of hydrogel with high cell
viability of 94%

Successfully demonstrated the reconstruction of maxillary
bone defect in a dog

Xu et al.3¢

Nakamura et al.3”

Boland et al.38

Hsieh et al.3?

Hsu et al.%0

Dhariwala et al.#!

Pati et al.®2

O’Connell et al.®

Schuurman et al.#

PEG: polyethylene glycol; 3D: three-dimensional; HMVEC: human microvascular endothelial cell; NHDF: neonatal human dermal fibroblast; MSC:
mesenchymal stem cell; PDMS: polydimethylsiloxane; PCL: polycaprolactone; HDF: human dermal fibroblast; HEK: human epidermal keratinocyte;
PEGDMA: poly(ethylene glycol) dimethacrylate; FGF: fibroblast growth factor; TGF: transforming growth factor; EPC: endothelial progenitor cell;
hASC: human adipose—derived stem cell; HAMa: hyaluronic acid-methacrylate; GelMA: gelatin-methacrylamide; IPFP: infrapatellar fat pad; PEGDA:
poly(ethylene glycol) diacrylate; CHO: Chinese hamster ovary; PU: polyurethane; NSC: neural stem cell; hMSC: human mesenchymal stem cell;
BMSC: bone marrow stem cell; hANSC: human neural stem cell; KC: keratinocyte; LESC: limbal epithelial stem cell; TCP: tricalcium phosphate; iPSC:
induced pluripotent stem cell; Me-HA: methacrylated hyaluronic acid; HAVIC: human aortic valvular interstitial cell; PDLSC: periodontal ligament

stem cell.

Techniques
Inkjet

Inkjet-based bioprinting is a non-contact printing tech-
nique in which droplets of dilute solutions are dispensed,
driven by thermal, piezoelectric, or microvalve processes.

Inkjet bioprinting technology is based on the conventional
inkjet process used by desktop inkjet printers, whereby
individual droplets are used to pattern a substrate. The con-
cept of inkjet printing was first developed in the early
1950s by Epson, Hewlett-Packard (HP), and Canon; how-
ever, it was not until 2003 before the first patent for a
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modified inkjet printer for bioprinting of viable cells was
awarded.>*4 A structure is formed by continuously
depositing droplets at predesigned points, enabling a struc-
ture with irregular shapes to be fabricated easily.#’” High
spatial resolution can be achieved between 50 and
300 wm;2747 however, cell aggregation within the bioink
can change droplet formation and trajectory, thereby
reducing print quality.*® Despite the many benefits of using
inkjet technology, the use of low-concentration solutions
can be a limiting factor when building up material into a
3D structure.*’ Collectively, inkjet printing has great
potential in tissue engineering and regenerative medicine.

Cartilage and bone tissue. To produce a cartilage tissue
scaffold that was suitable for load-bearing applications,
Xu et al.!# inkjet-printed rabbit articular chondrocytes sus-
pended in a fibrin—collagen hydrogel onto an electrospun
polycaprolactone (PCL) matrix. The scaffolds were fabri-
cated by alternatively printing a layer of electrospun PCL
fibers followed by a layer of chondrocytes/fibrinogen/col-
lagen suspension. The inclusion of the PCL (M, ~42,500,
10% wt/vol.) fibers within the natural polymer gel
improved the mechanical properties. The PCL composite
scaffold had a Young’s modulus of 1.76 MPa and an ulti-
mate tensile strength of 1.11 MPa compared to the natural
polymer gel alone, which had a Young’s modulus of
0.41MPa and an ultimate tensile strength of 0.26 MPa.
Cell viability of the printed cells, calculated by a compari-
son of living cells to total number of cells, was
81.58% = 3.46% 1 week after printing. Scaffolds implanted
subcutaneously in immunodeficient mice over an 8-week
period developed a dense, well-organized collagen, not
present in the control group (unseeded scaffolds). The car-
tilage tissue formation within the bioprinted scaffolds
appeared histologically similar to normal elastic cartilage.

Scaffolds were fabricated by Cui et al.!> using human
chondrocytes suspended in a poly(ethylene glycol) dimeth-
acrylate (PEGDMA) solution. The PEGDMA solution was
polymerized using ultraviolet (UV) light during the print-
ing process. Viability of the human chondrocytes after
printing was 84.9% *2.2%. Scaffolds were cultured in
cell culture medium, supplemented with either fibroblast
growth factor-2 (FGF-2) or transforming growth factor-g1
(TGF-B1). TGF-B1 is used to maintain chondrocyte phe-
notype, while FGF-2 is used for chondrocyte monolayer
expansion. The compressive moduli of the hydrogels
reduced with the inclusion of cells and were dependent on
cell density; however, compressive moduli increased with
time spent in cell culture. Culturing with FGF-2/TGF-31
supplemented medium was shown to be the most benefi-
cial for cartilage development.

Cui et al.' also investigated the possibility for printing
in situ. Using the same printing method as before, scaf-
folds were printed either separately or directly into osteo-
chondral plugs that had been harvested from bovine

femoral condyles. The printed scaffolds had a compressive
modulus of 395.73 + 80.40kPa, similar to natural human
collagen. By polymerizing the scaffold as each layer was
printed, cellular exposure to UV radiation was reduced by
more than 80% compared to manual hydrogel scaffold
polymerization that normally requires >10min UV expo-
sure. Compared to the control of a cast scaffold, cell viabil-
ity of the printed cells was 26% higher. The inclusion of
cells into the polymer matrix made the scaffolds ~20%
more flexible, possibly due to the cells absorbing some of
the compressive forces. Scaffolds that were printed directly
into the bovine femoral condyles defects had enhanced tis-
sue integration compared to non-printed cell-laden hydro-
gels. The improved tissue integration for scaffolds printed
directly into the defect, along with a fabrication timing of
108 s, makes the bioprinting process a viable option for in-
situ applications; however, the achieved compressive
modulus of the scaffolds is significantly lower than that of
human articular cartilage of the lower limbs, which range
between 4.5 and 11.8 MPa.*® Therefore, further structural
development of the scaffold would need to be considered
before human implantation.

Neural tissue. To establish the ability of thermal inkjet
printing for depositing mammalian cells, Chinese hamster
ovary (CHO) and rat embryonic motoneuron cells were
printed, suspended in a phosphate-buffered saline (PBS).?’
After printing, the cells maintained a healthy morphology.
The CHO cells proliferated into a confluent layer, while
the rat embryonic motoneuron cells proliferated and exhib-
ited a polarized morphology. CHO cell lysis was evaluated
immediately after printing and indicated that ~8% of the
cells were damaged due to the printing process. Overall,
the study demonstrated the potential for inkjet printing to
deposit cells into tissue scaffolds.

Further experiments were conducted with rat primary
embryonic hippocampal and cortical neurons.?® Viability
of the cells was 74.2% =+ 6.3%, which maintained their
basic function, phenotype, and electrophysiological prop-
erties. The printed cortical cells developed into mature
neurons, while both types of cells could produce action
potentials.

Lorber et al.3> were the first group to print cells from the
mature adult nervous system. Printing with adult cells is
more challenging, as adult neural cells are more prone to
damage and are less able to regenerate. Using a high-
speed, image-capture setup, it was observed that during
droplet ejection, the cells did not undergo major distortion
and hence destruction caused by shear forces. There was
no difference in cell survival rate and neurite growth
between printed and non-printed cells. The glia cells
retained their ability to support the growth of the retinal
ganglion cells.

Tse et al.’ were the first to print a combination of both
neuronal and supportive glial cells. Not only did the
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printed cells maintain high viabilities, >86% for neuronal
cells and >89% for Schwann cells, but more importantly,
the printed neuronal cells exhibited earlier and longer neu-
rite growth in comparison with the non-printed cells. By
demonstrating the successful printing of both the neuronal
and glial cells, the potential for producing a large tissue
scaffold with a complete neural network becomes a greater
possibility and could have massive potential for the repair
of large-area, full-thickness skin burns.

Cardiac and vascular tissue. Initial work into printing car-
diac tissue was performed using alginate hydrogel and pri-
mary feline adult and human H1 cardiomyocytes.3® Xu
et al. printed a half heart shape that had a 1-cm inner diam-
eter and two connected ventricles. In cell culture, the cells
remained viable in the large structure due to printed poros-
ities of the scaffold. Using electrical stimulation, the car-
diac cells were observed to contract thythmically which in
turn caused the whole structure to beat periodically. Fur-
ther development of the model should consider structural
integrity of the scaffold to prevent the seepage of fluid
from within the structure, as well as the capability to with-
stand physiological fluid pressures.

Endothelial cells have also been successfully printed
with a high degree of accuracy and a precise number of
cells per drop.3” Different methods have been explored for
the bioprinting of a 3D vascular network. One method is
to print a crosslinking agent (calcium chloride) into an
alginate/gelatin solution. The calcium chloride crosslinks
the alginate/gelatin solution to form a gelled structure.
Boland et al.3® used this method to produce different
structures such as tubes, branched tubes, hollow cones,
and capillaries. Using a scanning electron microscope
(SEM), the internal structure of the scaffolds was evalu-
ated. It was shown that the calcium chloride crosslinked
the alginate/gelatin gel on the surface of the droplet to
produce hollow shells. This provided a scaffold with a
microscopic porosity. Mouse endothelial cells attached to
the surface inside the shells, with filopodia leading into
the shells and lamellipodia trailing out, suggesting cell
migration into pores.

Another method used for inkjet bioprinting vasculature
depended on the reaction between thrombin and fibrin-
ogen to form fibrin. This reaction was used by Cui et al.”
to encapsulate human microvascular endothelial cells
(HMVECsS) in a fibrin hydrogel. HMVECs were sus-
pended in a thrombin calcium chloride solution and printed
onto a fibrinogen substrate that reacted to fibrin, thus
encapsulating the cells. Using this method, scaffolds were
fabricated with micron-sized fibrin channels. The printed
hollow fibroin channels were well aligned and had a
straight microstructure. The average fiber diameter was 93
um, had an elastic modulus of 2.9 = 0.8 MPa, an ultimate
tensile strength of 1.7 = 0.5 MPa, and a burst pressure esti-
mated to be 2955 mm Hg; all properties were comparable

to that of extruded tissue-engineered blood vessels. After
21days in cell culture, the cells had aligned along the
printed structures to form confluent linings. A ring-shaped
microvasculature had formed that had sealed the fibroin
channel with a high level of integrity.

One of the issues associated with inkjet printing is the
fabrication of overhanging structures. The printing of
overhanging structures is challenging as each layer of
printed droplets is supported by either the substrate or pre-
viously printed layers. To overcome this issue, Christensen
et al.® used calcium chloride solution for both crosslinking
and as liquid support material. Sodium alginate ink, with
and without the inclusion of NIH-3T3 mouse fibroblasts,
was printed into a calcium chloride solution, which gelled
almost instantaneously upon impact. The calcium chloride
solution provided buoyancy to the overhanging structures
and was easily removed after fabrication, unlike solid sup-
port structures that can be difficult to remove post fabrica-
tion. The print quality of the rounded overhangs was
negatively affected by gravitational forces and droplet
impact during printing. The low mechanical integrity of
the alginate gel also meant that the designed structure did
not maintain its 3D shape during printing. Although the
positioning of the walls moved, printing could be compen-
sated to ensure that the structure was completed and the
scaffolds exhibited a 90% cell viability after 24 h. The cur-
rent model would be insufficient for implantation due to
the potential for turbulent and vortex blood flows to occur
due to poor uniformity of the printed shape. This could
induce the development of a thrombosis and eventually
block fluid flow.® Therefore, due to the poor structural
integrity encountered during fabrication related to the use
of a liquid support structure, it is suggested that a solid
support structure may be preferable when printing a tubu-
lar hydrogel scaffold.

Skin tissue. To produce a skin graft, Lee et al.!%!! printed a
layered structure with multiple cell types. Primary adult
human dermal fibroblasts (hFB) and primary adult human
epidermal keratinocytes (hKC) were suspended in cell
media and printed in-between layers of a printed collagen
(type I and rat tail) gel.!° Using a microvalve-based bio-
printing system, the number of cells per droplet ranged
from 68 = 13 cells/droplet for hKC to 93 = 13 cells/droplet
for hFB. The inner layers of the scaffold were composed of
fibroblasts and the outer layers composed of keratinocytes.
There were no morphological differences between the bio-
printed cells and manually seeded cells, and no significant
difference in cell viabilities. To demonstrate wound-spe-
cific scaffold manufacture, scaffolds were printed into
polydimethylsiloxane (PDMS) molds with non-planar 3D
surface contours. Scaffolds fabricated in the non-planar
molds suffered from an inhomogeneous printed layer
depth; however, this had no negative influence on the pro-
liferation of the cells.
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Cell

suspension « Collagen

Keratinocytes

Fibroblasts

Figure |. Schematic diagram of multilayered skin tissue with
two layers of keratinocytes and three layers of fibroblasts
embedded in collagen, fabricated with inkjet bioprinting (taken
from a study performed by Lee et al.'!).

Scaffolds fabricated in the same way but on a planar
surface (shown in Figure 1) were compared to conven-
tional scaffolds that required manual seeding of the cells.!!
After 7 days submerged in cell culture medium, the printed
scaffolds maintained their shape and dimensions, as well
as produced three densely packed cell layers of hKCs on
the surface of the scaffold. In contrast, the conventionally
produced skin scaffold continually shrunk and had lost
shape after 7 days in culture. When exposed to an air-lig-
uid interface, the printed scaffolds developed a dense epi-
dermal layer, with the number of epidermal layers
increasing from 3 to 7 after 14days of cell culture. The
epidermal layers formed tight junctions between neighbor-
ing cells, an important feature of the epidermis for provid-
ing an effective barrier.

An alternative PEG-based skin model has been devel-
oped by Rimann et al.’! Printing at a temperature of 20°C,
alternate layers of PEG-based bioink and primary human
dermal fibroblasts were deposited to produce a scaffold.
Each layer of the PEG-based bioink was immediately
polymerized using UV light. The top layers of cells were
encased within an additional seven layers of the bioink.
DNA damage was measured by the formation of cyclobu-
tane pyrimidine dimer (CPD), a product of UV damage to
DNA. UV exposure during printing was shown not to
damage cell DNA when compared to unprinted cells. Cell
viability, proliferation, and morphology of the printed cells
were similar to that of the unprinted cells. After 2 days in
cell culture, the fibroblasts were shown to adhere to the
printed structure with a typical morphology and spread
within the printed matrix. Over a 3-week period, cells con-
tinued to proliferate and produce their own extra cellular
matrix. Primary human dermal keratinocytes seeded on
top of the printed scaffolds did not achieve a fully stratified
epidermis when exposed to the air—liquid interface for
14 days. By not printing the keratinocytes onto the scaf-
fold, cell distribution and positioning were affected.
Achieving a more uniform layer of keratinocytes during
the seeding process could have helped to achieve a strati-
fied epidermis, as demonstrated by Lee et al.!!

Yanez et al.>2 compared a bioprinted scaffold to a com-
mercial graft (Apligraf®) for treating full-thickness skin
wounds in mice. Human dermal microvascular endothelial
cells (HMVECs) were suspended in a PBS containing
thrombin and calcium chloride. The HMVECs were
printed onto a gel consisting of neonatal human dermal
fibroblast (NHDF) cells and collagen. After printing and a
brief period of incubation, neonatal human epidermal
keratinocytes (NHEK) mixed in collagen were applied to
the top of the scaffold. Full-thickness wounds were created
on the backs of mice, which were then treated with the
bioprinted scaffolds, Apligraf®, or treated without a graft.
After 14 days, the bioprinted scaffolds had adhered to the
wound while the Apligraf had dried out and detached from
the implant site, although no infections were recorded for
any of the test groups. By Day 21, complete closure of the
wound had occurred for the bioprinted scaffold, followed
by the Apligraf-treated wounds after 28 days. Wound con-
traction at all time points was improved in the bioprinted
group. By Week 6, the bioprinted group had a wound con-
traction of 62.5% * 9% compared to the Apligraf with
74% = 5%, and the negative control with 79% = 2%. All
groups developed epidermal and dermal layers; however,
the printed skin graft was shown to have the most histo-
logically similar appearance to native skin. The printed
scaffold also showed evidence of vascularization, as the
printed cells had integrated with the native tissue and
helped to develop a microvessel network.

An in-situ printing method has been tested by Skardal
et al.>®> Amniotic fluid—derived stem (AFS) cells and bone
marrow—derived mesenchymal stem cells (MSCs) were
separately suspended in fibrinogen—collagen solutions.
The cell suspensions were printed onto full-thickness skin
wounds on the backs of mice and crosslinked by printing a
separate thrombin solution between layers of the cell sus-
pensions. Only one cell type was used for the treatment of
each wound and was compared to scaffolds produced in
the same way without the inclusion of printed cells.
Printing produced a 100% coverage of the wound with a
tight seal between the skin and graft. Wound contraction
and re-epithelialization were at all time points significantly
higher in the groups with printed cells. After 1week,
wound contraction was 83% for scaffolds with printed
cells, compared to 73% for the gel alone. Printed scaffolds
exhibited re-epithelialization of up to 89% which had
organized, well-defined layers, while the control only
exhibited a 51% re-epithelialization with a poor structural
quality. Unlike the study of Yanez et al., the printed cells
did not integrate with the tissue and had almost disap-
peared after 7 days. Therefore, in the study conducted by
Skardal et al., the benefit of using printed cells was the
secretion of trophic factors. The concentration of secreted
factors was highest for the AFS cells, which coincided
with better regeneration results. Overall, it was determined
that AFS cells bioprinted onto a wound site could be
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beneficial for burn treatments. This study demonstrates an
immediate and practical application of bioprinting. Not
only can the graft be printed in situ, the AFS cells could
come from a cell bank, enabling the possibility of “off-the-
shelf” treatments.

Stem cells. Printing of stem cells presents the potential
issue of changing their phenotype, which can be influ-
enced by experimental conditions such as induced shear
stresses.>* The effects of shear stresses on stem cell viabil-
ity, phenotype, and function were analyzed by Blaeser
et al.>> Over a range of shear stresses, printed primary
human mesenchymal stem cells (hMSCs) were shown to
have a reduced viability immediately after printing at high
shear rates. However, after 7days in cell culture, no sig-
nificant difference between cells printed at low and high
shear rates was observed. Cell proliferation rate was stim-
ulated by a moderate level of shear stress, yet, above a
certain threshold, there was an observed negative effect.
Cell phenotype was unaffected by shear forces during
printing. The study demonstrated that below a certain
shear stress, hMSCs can be printed without side effects.

The effect of printing on other stem cells has also been
investigated. Faulkner-Jones et al.>® investigated the influ-
ence of printing on human embryonic stem cells (hESCs)
and human-induced pluripotent stem cells (hiPSCs). The
use of hiPSCs for tissue engineering applications could be
more beneficial than using hESCs, as the hiPSCs could be
harvested from the patient and therefore immunosuppres-
sive drugs would not be required for their implantation.
The printing process did not change the differentiation of
the cells nor change their lineage when compared to
unprinted cells. The expression of pluripotency markers
was slightly lower than the non-printed cells, however still
within an acceptable range. When printing large circular
structures, cell viability dropped to 55.5% 1h after print-
ing; however, the size of the scaffold did not influence the
differentiation and maturation process of the cells. A low
cell viability of the large scaffolds could be linked to a
structural design restricting the availability of nutrients.
Another possibility could be extended fabrication time,
during which the cells are subjected to non-physiological
conditions.

By printing stem cells into a scaffold, it is possible to
develop a complex tissue. Gurkan et al.>” printed MSCs for
the development of a multiphase tissue scaffold. Multiphase
tissue scaffolds could be useful for repairing soft—hard
tissue interfaces such as between tendon and bone.
Scaffolds were produced by printing inks composed of
methacrylated gelatin (Me-Gel) and hMSC cells, supple-
mented with bone morphogenic protein-2 (BMP-2), TGF-
B1, or a combination of both. Scaffolds were printed with
one side containing only BMP-2 and the other only TGF-31,
with a multiphase section in the middle. A smooth transi-
tion was produced between each phase. Osteogenesis- and

chondrogenesis-related genes were upregulated within the
respective BMP-2 and TGF-B1 regions, as well as in the
multiphase section after 36days in culture. Due to the
complexity of tissue junctions and the difficulty of produc-
ing the intricate organizational structure, there are yet to be
any translational studies to test current tissue-engineered
scaffolds in a clinical setting.’® Therefore, the success of
bioprinting to differentiate stem cells into different line-
ages within the same scaffold could be the solution for
future development of these complex structures.

Extrusion

Extrusion bioprinting is the most commonly used printing
technique and was developed by Scott Crump in the early
1980s and commercialized by his company Stratasys
Ltd.3% An ink is extruded through a printhead to build a 3D
shape in a layer-by-layer manner. Extrusion bioprinting is
driven by piston, screw, or pneumatic pressure mecha-
nisms. Highly viscous bioinks can be printed through
micro-nozzle sizes.*? Control over the deposition of cells,
rate of cell distribution, and process speed have greatly
increased the application of this technology for scaffold
fabrication.!”#2 The main advantage of this technique is
the ability to print very high cell densities with a fast fab-
rication rate.!3° This technique provides excellent struc-
tural integrity due to the continuous deposition of the
bioink.%® While extrusion-based bioprinting is already well
studied in practice, the current state of the technology has
some limitations. Only highly viscous materials can be
extruded to maintain filamentous structure after deposi-
tion. There are potential cell apoptotic effects induced dur-
ing and after printing due to a pressure drop associated
with extruding through a micro-nozzle.*> However, this
issue can be resolved to an extent by optimizing the pro-
cess parameters such as material concentration, nozzle
pressure, and diameter. The resolution of printing is around
200 pm, which is considerably lower compared to inkjet-
and laser-based bioprinting. However, extrusion-based
bioprinting can be regarded as a promising technology for
tissue regeneration.

Bone tissue. Fedorovich et al.! printed intricate porous
constructs containing endothelial progenitor cells (EPCs)
and multipotent stromal cells (MSCs). Tissue development
was studied for scaffolds composed of either Matrigel, or
Matrigel and alginate. For the composite scaffold, EPCs
were encapsulated in the Matrigel and MSCs in alginate.
Scaffolds were implanted into subcutaneous dorsal pock-
ets of mice. The Matrigel scaffolds promoted better cell
migration in comparison with the Matrigel-alginate con-
structs due to fewer interactive properties of alginate. It
was found that bone-like tissue had developed in the
Matrigel scaffolds at 6 weeks after implantation.!” How-
ever, due to the lower mechanical properties of Matrigel,
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load-bearing applications would require the addition of
another material construct to provide extra support.

Hung et al.?% fabricated scaffolds out of PCL and decel-
lularized bone matrix laden with human adipose—derived
stem cells (hASCs) for craniofacial regeneration in mice.
Compared to a pure PCL scaffold, the composite scaffold
had an increased surface roughness. As would be expected
with addition of hydroxyapatite, a bioactive material,
enhanced bone regeneration was observed with increased
cell adhesion in the composite scaffolds compared to pure
PCL at 1 and 3 months of post-implantation.2

Due to the limited processability of natural polymers,
synthetic polymers are often used for bioprinting applica-
tions. However, synthetic polymers generally lack similar
cellular interactions experienced by natural polymers. In
order to attain a more biologically functional 3D-printed
scaffold, printed scaffolds comprising PCL, poly(lactic-
co-glycolic acid) (PLGA), and B-tricalcium phosphate
(B-TCP) were subsequently seeded with human nasal infe-
rior turbinate tissue—derived mesenchymal stromal cells
(hTMSCs) to lay down a layer of ECM.%! After which, the
scaffolds were decellularized and prepared for subcutane-
ous implantation in rats. Compared to printed scaffolds
without a layer of ECM, the ECM/PCL/PLGA/TCP scaf-
folds demonstrated greater osteoinductive potential and an
enhanced density of mineralized tissue throughout the
defect. Overall, this work demonstrates a potential alterna-
tive to xenogeneic or allogeneic bone grafts.

Chondral and osteochondral defects are difficult to treat
or reconstruct due to their complicated structure. To date,
no clinical methodologies are able to reproduce hyaline
cartilage.?!-¢2 To repair chondral defects, O’Connell et al.*?
introduced a new approach using an “in-situ biopen,”
which can reconstruct chondral, maxilla, and mandible
defects. The biopen comprised two ink chambers and an
extruder nozzle with a UV source. The biopen enables the
deposition of living cells and biomaterials in a manual
direct-write fashion. Using the biopen, a human infrapa-
tellar fat pad (IPFP) adipose stem cell-laden gelatin-
methacrylamide (GelMA)/hyaluronic acid-methacrylate
(HAMa) hydrogel scaffold was fabricated for in-vitro test.
It was observed that the viability of biopen-printed cells
was 97% after 7days.*® The biopen may be limited to be
used for simple applications, where a specific structure is
not required. For complex tissue structures that rely on the
precise positioning of cells and material, using a bioprint-
ing method with a fixed set of axis could prove to be more
beneficial.

Cartilage tissue. To meet the increasing demand for carti-
lage tissue regeneration, Schuurman et al.#* fabricated a
scaffold using GeIMA embedded with chondrocytes and
PCL to provide structural support. GeIMA was also com-
bined with hyaluronic acid to provide an anabolic effect on
extracellular matrix synthesis and may be beneficial for

cartilage tissue engineering.?® After printing, cell viability
was significantly higher in GeIMA/hyaluronic acid hydro-
gels (82%) compared to GelMA hydrogels (73%). The
scaffolds were then implanted in the subcutaneous pockets
of nude mice and they observed cartilaginous tissue forma-
tion after 4 weeks in both materials.

PCL-alginate gel scaffolds containing chondrocytes
were successfully fabricated by Kundu et al. using a mul-
tihead deposition system (MHDS). The MHDS had four
dispensing heads enabling different biomaterials to be dis-
pensed at the same time.3! The scaffolds were fabricated
using layer-by-layer deposition of PCL followed by a
chondrocytes alginate hydrogel bioink. Each layer of the
scaffold comprised PCL lines with bioink printed in the
gaps between each line. The scaffolds were implanted in
the dorsal subcutanecous space of mice. The results indi-
cated the formation of cartilaginous tissue in the scaffold
after 4 weeks with 85% cell viability.3!

Periodontal  tissue. Periodontal ligament stem cells
(PDLSCs) have great potential for periodontal tissue
regeneration.!? The behavior of PDLSCs after printing was
investigated by Ma et al.%3 using GelMA and poly(ethylene
glycol) (PEG) dimethacrylate and PDLSCs. Cell viability
test showed high viability of 94% after 24 h post printing.
Kim et al.’* demonstrated a successful reconstruction of
maxillary bone in a 12-year-old dog using a printed PCL/(3-
TCP scaffold. The scaffold was fabricated using micro-
extrusion-based 3D bioprinting and demonstrated
successful reconstruction 8 months after surgery. This case
is believed to be the first case of reconstruction using a
3D-printed scaffold in the maxillary bone defect.??

Neural tissue. Autologous grafts are the gold standard for
repairing damaged neural tissue. However, such proce-
dures involve high risk due to donor site morbidity, multi-
ple surgery sites, and an increased threat of infection.
Hsieh et al. printed neural stem cells (NSCs) embedded in
the polyurethane (PU) using fused deposition. The printed
scaffolds were studied in a zebra fish traumatic brain
injury model.?® To formulate the bioink, NSCs suspended
in culture medium were mixed with PU nanoparticles.
The NSC/PU hydrogels promoted the repair of damaged
central nervous system in zebra fish. After the implanta-
tion with the NSC-laden constructs, nerve function was
recovered for the adult zebra fish.3? This research supports
the use of PU for neural grafts have been observed with
conventional tissue engineering fabrication techniques.*’

Owens et al.** developed a technology to biofabricate
purely cellular nerve grafts using multicellular cylindrical
units composed of mouse bone marrow stem cells
(BMSCs) and Schwann cells (SC).% Scaffolds were fabri-
cated using a multichannel extrusion-based bioprinter
(NovoGen MMX; Organovo, San Diego) enabling cellular
suspensions to be printed alongside an array of agarose
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Figure 2. Schematic diagram of a nerve graft fabrication, in
which the outer layer is made of bioink containing BMSCs
supported by agarose rods. Structures were fabricated with an
extrusion-based technique (taken from a study performed by
Owens et al.é%).

rods that provide a temporary support structure (demon-
strated in Figure 2). The agarose rod support structure was
removed after a maturation period of 7days. The bio-
printed nerve grafts were implanted to bridge a 1-cm gap
of the sciatic nerve in rats. The rats recovered both motor
and sensory functions at 40 weeks. This study is an excel-
lent representation of the use of bioprinting to aid with
scaffold self-assembly for implantation. After a period of
7 days, the cells had produced enough extra-cellular matrix
to support themselves and withstand the mechanical forces
inflicted during surgery. By implanting only cellular mate-
rial and cells, the scaffolds more closely represent an
autologous graft, which are the gold standard for nerve
reconstructive surgeries and currently offer the best option
for nerve rehabilitation.

Skin tissue. Lee et al.'0 fabricated a multilayered skin-like
tissue structure with the inclusion of fibroblasts and
keratinocytes using both extrusion and inkjet printing pro-
cesses. The cells were suspended in culture medium and
printed using an inkjet printhead, while a support structure
of poly(dimethylsiloxane) (PDMS) was printed under
pneumatic pressure-based extrusion bioprinting. A layer of
hydrogel was printed to provide structural integrity for the
printed cells. Droplets of cell suspension were dispensed
between layers of hydrogel. Each layer of hydrogel was
treated with NaHCO; to induce crosslinking. After print-
ing, the fibroblasts had a viability of 95%, whereas the
keratinocytes had a viability of 83.9%. After 8 days of cul-
ture, printed fibroblasts showed a higher cell density com-
pared to the keratinocytes. The tissue exhibited better
shape retention compared to solid-state scaffold material
during in-vitro studies.!?

Kim et al.®> demonstrated a 3D bioprinting strategy
using an extrusion-based, integrated composite tissue/
organ building system (ICBS) bioprinting module to fabri-
cate PCL and collagen-based construct. This printing sys-
tem provides nine different dispensing modules in which
nine different types of biomaterials could be used. Five of
the dispensing modules used an extrusion-based printhead,
whereas the other four modules used a droplet-based print-
head. PCL was extruded as a base mesh construct for an
inkjet-printed, collagen-based bioink that contained either
human primary dermal fibroblasts (HDFs) or epidermal
keratinocytes (HEKSs). The samples were cultured in a cell

culture medium for 7days. The results revealed that the
PCL construct with collagen showed biological character-
istics such as a fibroblast-stretched dermis and epidermal
layers after 14 days, similar to a native human epidermal
structure.%

Corneal tissue. Corneal transplantation or penetrating kera-
toplasty (PK) has been a gold standard for the treatment of
corneal diseases over the past decades, since Dr Eduard
Zirnm performed first cornea transplantation in a human
eye in 1905.%¢ Limitations of the currently used procedure
include the quality of visual recovery due to an increased
early endothelial cell loss, detachment of the posterior
lamellar grafts, and vascular in-growth into the lamellar
plane. Bioprinting technology can replace the limitations
of corneal transplantation.

Isaacson et al.®’ fabricated a collagen-based cornea
using pneumatic extrusion bioprinting. The bioinks were
prepared using sodium alginate and methacrylated type I
collagen, mixed with corneal keratinocytes. A plastic sup-
port material was printed to help mold the scaffold shape.
The support material was printed with a concave hollowed-
out structure at the top. The hollowed-out section of the
support material was filled with a gelatin slurry in order to
support the collagen and alginate bioinks. Cell viability of
corneal keratocytes remained was 90% at Day 1 after
printing, and 83% after 7days. Although cell viabilities
remained high, a 7% decrease after 7days could indicate
that either the printing process or scaffold design affected
the cell survivability. A longer study would be required to
evaluate if this was a continuing trend.

Cardiac tissue. Zhang et al.%® demonstrated a hybrid meth-
odology to fabricate endothelialized myocardium. The
construct was fabricated using extrusion bioprinting
(NovoGen MMX; Organovo) with multihead dispensing
nozzles. Induced pluripotent stem cells (iPSCs) were used
to fabricate endothelialized human myocardium. The
iPSCs are capable of differentiating into multiple cell line-
ages including cardiomyocytes. Microfibrous scaffolds
were fabricated using GeIMA and iPSCs, and seeded with
cardiomyocytes to induce the formation of myocardium. It
was observed that the printed endothelialized microfibrous
scaffold was capable of spontaneous and synchronous
contraction.

Duan et al.® developed a 3D bioprinted hybrid hydro-
gel based on methacrylated hyaluronic acid (Me-HA) and
Me-Gel to encapsulate human aortic valvular interstitial
cells (HAVICs). Cell viability determined using a live/
dead assay gave a 90% cell viability. In addition, cells eas-
ily adhered and formed a monolayer on the surface of the
bioprinted structure, and the encapsulated cells below the
surface started to remodel the hydrogel after 3 days in cell
culture. Remodeling of the hydrogel is a positive indica-
tion for fast graft integration with the host tissue.
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Figure 3. Schematic diagram of a microfluidic chip that mimics
bone—tendon junctions, fabricated with pneumatic-based
extrusion (taken from a study performed by Miri et al.”?).

EPCs are known to be a promising cell source for the
treatment of ischemic diseases. Gao et al.”® fabricated a
bio-blood-vessel (BBV) using vascular tissue—derived
decellularized extracellular matrix (VAECM) and atorvas-
tatin-loaded PLGA microspheres (APMS). Atorvastatin is
a proangiogenic drug that promotes endothelial cell func-
tion. The BBV was implanted in a nude mouse hind limb
ischemia model. Comparing different combinations of
BBV, EPCs, and APMSs, it was discovered that BBVs
laden with both EPCs and AMPSs significantly increased
capillary and arteriole densities.

Jang et al.”! fabricated a pre-vascularized stem cell
patch using a bioink consisting of suspended decellular-
ized porcine heart ({ECM), and human c-kit + cardiac
progenitor cells (hCPCs), MSCs, or a combination of both
cell types. For in vivo testing, PCL was printed as a sup-
port for the bioink. Patches were either implanted subcuta-
neously into mice to test for neovascularization or
implanted in a rat myocardial infarction model. The
patches improved epicardial activation capability with
enhanced angiogenesis. The patterned stem cells promoted
strong vascularization and tissue matrix formation with
enhanced cardiac functions. Therefore, bioprinted stem
cell patches are demonstrated to be a promising therapeu-
tic method for ischemic heart diseases.

Muscular tissue. Miri et al.’? created hierarchical cell-
laden structures to mimic multicellular tissues. Pneu-
matic extrusion was used to dispense multiple bioinks
onto microfluidic chips that were then crosslinked using
UV light. In-vitro studies using poly(ethylene glycol) dia-
crylate (PEGDA) and GelMA loaded with NIH-3T3 fibro-
blasts, hMSCs, osteoblasts, and C2C12 skeletal muscle
cells were printed into structures resembling musculoskel-
etal junctions, muscle strips, and tumor angiogenesis. The
prints retained interfaces and adequate proliferation rates
after 3, 5, and 7 days in cell culture. For instance, a micro-
fluidic chip with two different bioinks was fabricated to
mimic bone—tendon junctions (Figure 3). The bone side of
the chip contained a suspension of osteoblasts and hMSCs
in GeIMA. The tendon side contained a suspension of
fibroblasts in GeIMA. To fabricate a tumor angiogenesis
resembling model, a microvasculature-like mask was used

during UV curing of PEGDA, followed by washing with
PBS and extruding endothelial cell-laden bioink into the
microchannels. The interfaces remained explicit and the
print patterns were well-defined. For in vivo studies,
PEGDA-framed chips that had a concentration gradient of
Me-Gel (GelMA) ranging 5%—15 % were implanted sub-
cutaneously in rats. After 30 days, enhanced cell prolifera-
tion occurred for 10% GelMA. Having an optimum
concentration of 10% GelMA is supported by previous
studies performed by Zhou et al.227 and Zhu et al.”* which
will be further discussed later in the review.

Stereolithography

Stereolithography (SLA) is a nozzle-free technique in
which the precursor hydrogel is crosslinked via photoirra-
diation. The process of hardening the hydrogel is called
photocuring, which is aided by the addition of photoinitia-
tors. Many parameters are considered during fabrication,
such as the type and concentration of photoinitiator, time
of light exposure, and type of material. Different types of
photoinitiators and their concentrations have been shown
to affect cell viability.”® To eliminate the damaging effects
of UV exposure on cells, visible light-sensitive photoiniti-
ators can be utilized. Examples of such initiators are lith-
ium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP),7¢
camphorquinone,? and eosin Y.”” Resolution depends on
the stereolithographic technology, for example, two-pho-
ton SLA has higher printing resolution than single-photon
SLA.2* A printing resolution of 20 pum can be achieved.”®

Bone and cartilage tissue. The first instance of stereolitho-
graphic-fabricated, cell-laden scaffolds were produced by
Dhariwala et al.*! using poly(ethylene oxide) (PEO) and
CHO cells. Using SLA, they were able to achieve a print
resolution of 250 pum. Cells maintained a good viability
and distribution between 1 and 2 days after printing. The
scaffolds had insufficient mechanical properties; however,
future work could incorporate a second polymer for greater
structural strength.

Lu et al.*? crosslinked PEGDA hydrogels laden with
stem cells derived from mouse bone marrow stromal cells
(OP-9 cells). The cells remained viable after 24h.
Osteogenic differentiation of mouse mesenchymal stem
cells (mMSCs) seeded on to the scaffold showed intensive
mineralization after 2 and 4 weeks.

To create biomimetic bone matrices to study metastasis
of breast cancer in bone tissue, Zhou et al.?2 employed a
table-top commercial stereolithographic printer. The
aim was to create a cell-laden 3D structure and seed it with
breast cancer cells (BrCas) and observe the interactions in
vitro. Currently, most in-vitro cancer studies are performed
on monolayered cell cultures which do not accurately
mimic the 3D structure of bodily tissues. Osteoblasts
and hMSCs were suspended in hydrogels consisting of
different concentrations of GelMA and nanocrystalline
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hydroxyapatite (nHA). Cell viability of the scaffolds was
negatively affected by UV irradiation; however, cell densi-
ties increased with time in cell culture. It was found that
scaffolds with lower GeIMA concentration of 10% exhib-
ited a higher cell viability compared to 15% concentration,
suggesting that higher concentrations of GelMA created
higher encapsulation stresses and hindered nutrient trans-
port. The osteoblast- and MSC-embedded scaffolds were
seeded with BrCa cells and cultured for 2weeks. After
S days of culture on 10% and 15% GelMA scaffolds, osteo-
blast proliferation decreased by 46.9% and 34.7%, respec-
tively, while BrCas proliferation increased by 16.5% and
23.8%, respectively. After Sdays of culture on 10% and
15% GelMA scaffolds, MSC proliferation had also
decreased by 37.6% and 30%, respectively, while BrCas
increased by 32.5% and 40%, respectively. The decrease in
osteoblast and MSC proliferation, and a higher BrCa pro-
liferation, suggests that osteoblasts and MSCs secrete
macromolecules that promote BrCas growth which corre-
sponds to other research.”®8 Vascular endothelial growth
factor (VEGF) secretion increased within the 2weeks,
while alkaline phosphates (ALP) activity decreased. As
bioprinting techniques develop further, it may be possible
to produce more complex biological system and enable the
studying of disease interactions not just on a cellular level
but also on the surrounding tissue. Building complex tis-
sue models could enable a more accurate study of diseases
and even provide a method for the testing of treatments to
determine the most effective solutions.

Oxygen inhibition presents a limitation to SLA print-
ing. When SLA is carried out in the presence of air, free
radicals from the initiators, used during crosslinking, are
seized/scavenged by O, molecules. This hinders the
polymerization process, impacting print fidelity and ulti-
mately can cause a physical collapse of the scaffold.’!-82
The effect of oxygen inhibition can be reduced by using a
high-radiation intensity, increasing photoinitiator concen-
tration, or by performing SLA under inert conditions such
as in a nitrogen and carbon dioxide gas atmosphere.
However, all of these approaches will negatively impact
cell viability.

Lim et al.!3 conducted a study to compare UV and visi-
ble light (VIS) crosslinkage of cell-laden hydrogels to min-
imize the effect of oxygen inhibition. GeIMA and bovine
collagen I were mixed along with Irgacure 2959 and ruthe-
nium (Ru) + sodium persulfate (SPS) for crosslinking with
UV and VIS, respectively. Breast adenocarcinoma cells
(MCF-7) were encapsulated in the hydrogels with different
concentrations of the photoinitiators to study cytotoxicity
effects. It was found that an increase in Irgacure 2959 will
affect the cell viability drastically, down to <<50% with a
concentration of 0.5wt%, while the different concentra-
tions of Ru/SPS had similar viability rates. To determine
the light intensity’s effect of UV and VIS on cell viability, a
concentration of 0.05 wt% Irgacure 2959 with UV light and

0.2/2 Ru/SPS with visible light were used. The higher the
UV intensity, the more the cell viability decreased; how-
ever, no significant difference was noted with VIS. Oxygen
inhibition was measured by the change in diameter of the
printed struts. Printing with VIS-Ru/SPS, the difference in
strut diameter was much less than that when using
UV-Irgacure 2959, <10%. Further studies were conducted
using human articular chondrocytes (HAC) and human
bone morrow—derived mesenchymal stem cells (hMSCs),
suspended in the GelMA/collagen hydrogels and
crosslinked with UV and visible light. Visible light and Ru/
SPS exhibited higher cell viability than UV and Irgacure
2959 after 1 day of culture, >85% and <59%, respectively.
Irgacure 2959 is a commonly used photoinitiator due to its
lower cytotoxicity in comparison with other photoinitia-
tors.2® As the comparison between cell viabilities of UV
and visible light approaches is so stark, the use of visible
light may provide the greatest potential for stereolitho-
graphic-based bioprinting.

Because of its avascular nature and the presence of low
cell densities, cartilage defects will not completely self-
regenerate.® Zhou et al. included trophic factors into cell-
laden cartilage scaffolds to improve cartilage regeneration.
hMSCs were combined with 10% GelMA, and different
concentrations of PEGDA and PLGA nanospheres con-
taining TGF-B1.7> Lower concentrations of PEGDA
improved cell proliferation after 1, 3, and 5days. Release
studies showed that the nanospheres were able to maintain
a sustained release over a 21-day period. After 1, 2, and
3weeks in cell culture, the expression of chondrogenic
genes SOX-9 and Aggrecan were reported to be higher for
MSCs in scaffolds containing TGF-1, suggesting chon-
drogenic differentiation.

Muscular tissue. Cell patterning and encapsulation were
implemented using dielectrophoresis (DEP) and SLA by
Bajaj et al.?* Different cell types, mouse embryonic stem
cells (mESCs), and mouse myoblast cell line (C2C12)
were patterned and encapsulated in PEGDA hydrogels.
Viability rates were similar before and after DEP. After
Sdays, live/dead staining showed a slight decrease in cell
viability, perhaps because of the non-adhesive property of
PEGDA.»

Neural tissue. Zhu et al.’# studied the differentiation
potential of human neural stem cells (hNSCs) into neurons
after printing using SLA apparatus. Over a range of con-
centrations, it was determined that low GelMA concentra-
tions yielded higher proliferation rates. 10% GelMA
hydrogels were combined with hNSCs and graphene nano-
platelets. Graphene is known to stimulate hNSCs into
neural differentiation.* Glial fibrillary acidic protein
(GFAP) expression is associated with the development of
ependymal cells, and B-tubulin III is associated exclusively
with neurons and testis cells. After 14 days, B-tubulin 111
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Figure 4. Schematic diagram of consecutive layers of
electrospun PCL sheets and monolayers of osteosarcoma cells.
Cell placement was controlled using laser-assisted bioprinting
(taken from a study performed by Catros et al.?%).

expression increased while GFAP expression declined.
Changes in the expression of GFAP and B-tubulin III,
along with neurites elongation, suggest that neural differ-
entiation had occurred.

Laser-assisted bioprinting

Laser-assisted bioprinting (LAB) is a scaffold-free
technique that was initially developed in the mid-80s to
deposit metal.®> The apparatus consists of three main parts:
(1) a pulsating laser; (2) a donor-slide, to support and pro-
pel the printing material; and (3) a receiver-slide, to collect
and support the printed material. The technique depends
on a laser-induced vaporization effect of a thin layer of
gold/titanium that coats the donor-slide. During vaporiza-
tion, a bubble is created that propels precursor material
onto the receiver-slide. When applied to bioprinting, this
technique is able to achieve prints with excellent resolution
(>20 um?-87) and cell viability. For this process, the precur-
sor material is a hydrogel, which is required to have a mid-
ranged viscosity.’ This technique has been demonstrated to
provide accurate multicell positioning.®® Receiver-slides
can be natural (biopapers) or synthetic. Self-assembled cell
sheets have also been used for biopapers.?

Gudapati et al.”® studied gelation, gelation time, laser
fluence, and their effects on cell viability after print. A
bioink consisting of sodium alginate (NaAlg) and NIH-3T3
cells was deposited onto receiving substrates, consisting of
either CaCl, (gelation) or Dulbecco’s modified Eagle’s
medium (DMEM; no gelation). The droplets of NIH-3T3-
laden alginate interact with the calcium chloride creating a
gelation effect. It was observed that the increase in gela-
tion time and laser fluence resulted in decreased cell via-
bility after 24 h. A gelation time of 2 min created a
cushioning effect on the cells, maintaining a better cell
viability in comparison with 10 min and no gelation on
DMEM, where the cells suffered from irreversible dam-
age. Increased gelation time increased the stiffness of the
substrate, hindering nutrient and oxygen diffusion. Ca?+ is
also known to induce cell injury.®!

Bone tissue. Biopapers, the biological substrate receivers,
are produced to enhance cell viability of LAB prints. Such
examples are gelatin, fibrin, alginate, nanohydroxyapatite,

PCL, and PLGA hydrogels. Galbraith et al.%? developed a
self-assembled osseous biopaper using osteogenically dif-
ferentiated hASCs. Osseous biopapers exhibited higher
ALP activity than stromal biopapers after 5, 15, and
21days. Alizarin red staining displayed higher matrix min-
eralization within the osseous biopapers. This result is
concurrent with current research that indicates that hASCs
may be better suited for certain applications in comparison
with stromal cells, and that the more easily isolated hASCs
may be better suited for LAB-based techniques.®?

Rapid development of an adequate vasculature within
the implanted scaffold is important to avoid hypoxia lead-
ing to a necrotic core. Pre-vascularization can be used to
improve scaffold regeneration and can be achieved through
in-vitro cell seeding and/or in-situ flap techniques.
Kawecki et al.?? performed laser-assisted positioning of
human umbilical vein endothelial cells (HUVECs) within
the biopapers, as a pre-vascularization step. The endothe-
lial cells were viable immediately after printing. Orientation
of the HUVECs showed better alignment for the osseous
biopapers. Preservation of cell alignment was favored in
the locations where the HUVECs were aligned with cells
of the biopapers. After 7days of printing, tubule-like
endothelial cells were observed.

Catros et al.”* evaluated the effect of 3D positioning of
cells on PCL biopapers. The scaffolds consisted of con-
secutive layers of electrospun sheets and monolayers of
osteosarcoma cells (MG63) (demonstrated in Figure 4).
For a positive control, the MG63 cells were only printed
on top of the scaffolds. Cells were shown to maintain via-
bility after printing. In vitro, cell proliferation rates did not
significantly differ between the two groups after 1 and
7 days. However, after 14 days, the scaffolds with the cells
printed within the structure exhibited a significantly higher
proliferation rate. The scaffolds were implanted in calvar-
ial defects in mice. After 2 months, a significant increase
in bone tissue in-growth was observed for scaffolds with
organized layers, when compared to the positive control.
Histological analysis showed thick fibrous tissue growth
in the location of the sequentially layered scaffolds.

Skin tissue. Koch et al.’8 studied the LAB of skin cells;
fibroblasts and keratinocytes, and hMSCs. Cell viability
immediately after printing was 98% % 1% and 90 = 10%
for the skin cells, both keratinocytes and fibroblasts, and
hMSCs, respectively. Compared to non-printed cells, there
was no significant difference in apoptotic activity and pro-
liferation rate between each cell type. hMSCs maintained
their phenotype over the course of the study, implying that
the transfer process did not induce any up-regulation of
surface markers, and hence differentiation.

Corneal tissue. The limbus is an anatomical site that bor-
ders the cornea and provides it with limbal epithelial stem
cells (LESCs) for regeneration.?” Destruction of the limbus
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by trauma or diseases can deprive the cornea from LESCs
and, as a result, cause a limbal stem cell deficiency. Using
LAB, Sorkio et al.?® printed human embryonic stem cell—
derived limbal epithelial stem cells (hESC-LESCs) and
hASCs for repair of the limbus. Three scaffolds were
developed: a stratified corneal epithelium (with hESC-
LESCs), a lamellar corneal stroma (with alternating layers
of hASCs and acellular bioink), and a scaffold containing
both corneal epithelium and stroma. The receiver-slide of
the LAB setup contained human-sourced collagen I and
recombinant laminin. After printing, the number of cells in
each structure tripled after 7days. Ex vivo assessment of
the structures was performed on porcine-excised corneal
tissue and compared to acellular Matriderm® sheets as a
control. The multicell-laden structures exhibited strong
adhesion with the host tissue and hASCs migration to it,
while control groups did not exhibit such activities.

Discussion

The four bioprinting techniques have been developed and
combined together to produce improved tissue engineering
scaffolds and ultimately to replace the current gold stand-
ard, autografts. Accurate cell placement has been demon-
strated with inkjet printing, as this technique has the
capability of printing a singular cell per droplet. Although
cell viability is a concern due to the shear stress induced
during printing, in practice, it has not been an issue. Inkjet
printing has shown great potential for producing skin mod-
els that have even been fabricated in situ.’?® Inkjet-
fabricated skin grafts have also outperformed a commercial
graft Apligraf® in vivo.>? The flexibility of inkjet printing
to print multiple bioinks has been demonstrated by suc-
cessfully producing complex multiphase tissues.’’
However, this technique is limited in the production of
large-scale 3D structures as well as in the printing of over-
hanging structures. The problem with printing overhang-
ing structures was encountered when printing a vascular
network causing a distortion to the scaffold.®
Extrusion-based bioprinting can produce large struc-
tures in both horizontal and vertical orientations. It has the
capability of printing highly viscous bioinks that contain
high cell densities. Extrusion-based techniques vary and
have yielded in different cell viabilities; pneumatic-based
extrusion has shown to yield higher cell viabilities than
mechanical-based. This category of fabrication has shown
great potential for chondoral and osteochondoral in-situ
applications. The development of a biopen extruder ena-
bled the reconstruction of osteochondral defects with 97%
cell viability,*> demonstrating the great potential for bio-
printing to be used directly in a clinical setting.
Stereolithographic bioprinting fabricates scaffolds in a
vat of bioink, rather than dispensing the bioink through a
nozzle. This exposes the cells to fewer external stresses
such as shear forces. Prints have high resolution and

generally a smooth surface, however problems can occur
with non-polymerized precursor hydrogel becoming
trapped within printed 3D porous networks.”” The main
concerns with SLA are the cytotoxicity of the photoinitia-
tors used and UV-induced DNA damaged. To address these
issues, visible light-based SLA has been developed and
applied in the fabrication of scaffolds.”® Many investiga-
tors have utilized this fabrication technique to obtain a 3D
structure that has a homogeneous distribution of one or
more cell types. Oxygen inhibition on the photocuring pro-
cess, hence print fidelity, has not yet been solved, however
current solutions include increasing non-toxic photoinitia-
tor concentrations to improve the crosslinking process.!?
Although LAB systems are very expensive, they offer cell-
size resolutios. The effect of laser energy inflicted upon
cells during printing remains a concern; however, studies
have shown that both stromal and stem cells remained
viable immediately after printing®-°¢ and do not induce
any differentiative effect. LAB bioprinting techniques are
limited by the scale of tissue scaffolds it can produce due
to it being a scaffold-free technique that propels the bioink
onto a receiver-slide, usually consisting of a biopaper.
These can be natural, synthetic, or even monolayers of
self-assembled cells.

Overall, future development of bioprinted tissue scaf-
folds may require the combination of different printing
techniques. Inkjet printing and LAB can provide the most
accuracte cell placement, which could be crucuial for the
production of complex tissues with multiple cell types.
Using inkjet printing, neuronal and glial cells have pro-
duced preferential results to seeded cells,*® indicating the
great potential of incorporating a neural network inside a
bioprinted tissue scaffold. However, both inkjet printing
and LAB are limited by the volume of material that they
can dispense and the final mechanical integrity of the
printed scaffolds. Therefore, these techniques are required
to be combined with other printing techniques to provide a
structure with a greater mechanical integrity, such as those
produced via extrusion printing. Extrusion bioprinting is a
fast method for the production of scaffolds, however there
are no guarantees as to cell positioning and distribution
within the printed scaffold.

There have been several demonstrations of in-situ
application using inkjet and extrusion printing. These
have shown an ease of application and fast fabrication
times, ideal for translation into a clinical setting. However,
some of the current research has encountered problems
with producing large, printed structures and the surviva-
bility of the cells. This could be related to scaffold design,
the extended printing time causing longer exposure of the
cells to non-pysiological conditions, or the cell culture
method, whereby the use of bioreactors may be necessary.
These are all important aspects that need to be explored
before bioprinitng can be developed for transferal to clini-
cal applications.
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This review has focused on the developmental approaches 2013; 25: 5011-5028.
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tissues and organs. Bioprinting techniques are gaining sub- for biofabrication: current state and future perspectives.
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