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Biological tissues and organs are composed of different arrays of cells,
biochemical cues, and extracellular matrices arranged in a complex
microarchitecture. Laser-Assisted Bioprinting (LAB) is an emerging and
promising technology that is reproducible with high accuracy that can be
used for fabricating complex bioengineered scaffolds that mimic tissues
and organs. The LAB process allows researchers to print intricate
structural scaffolds using cells and different biomaterials essential for
facilitating cell-scaffold interaction and to induce tissue and organ
regeneration which cannot be achieved in a traditional scaffold
fabrication. This process can fabricate artificial cell niches or architecture
without affecting cellular viability and material integrity. This review
tackles the basic principles and key aspects of Laser-Assisted
Bioprinting. Recent advances, limitations, and future perspectives are
also discussed.
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LASER ASSISTED BIOPRINTING (LAB)

The demand for defective tissues and organs is high
due to limited donors as allogeneic and autologous grafts
are still the gold standard for organ and tissue regeneration. A top-down approach is a traditional and most
common method in fabricating 3D tissue scaffolds that
involves seeding cells into a porous scaffold that provides
structural and functional cues to facilitate tissue regeneration. However, it is not applicable for tissues and organs
with complex structure and function as it does not provide
a uniform cell distribution, low cell density, slow vascularization, and limitation in the diffusion of nutrients and byproducts. To address these issues, three-dimensional (3D)
bioprinting was utilized and explored for the fabrication
of tissues and organs using biomaterials, specific cells,
and bioactive growth factors to promote tissue regeneration and effectively restore its functions. 3D bioprinting is
the process of fabricating a bio-engineered construct in a
layer-by-layer fashion based on the spatial organization of
native tissues and organs.1
Laser-assisted bioprinting (LAB) is a promising technology for the fabrication of complex cell-laden 2D biomaterials in tissue engineering. Moreover, when implanted
in vivo, LAB scaffolds provide a homogeneously distributed cell-laden scaffold for better host tissue integration,
lower implant rejection risk, and uniform tissue growth. It
allows fabricating a homogeneously cell-distributed scaffold and better vascularization that cannot be achieved by
manual seeding on a traditional engineered scaffold. It
is a non-contact and nozzle-free bioprinting method that
overcomes the downside of other bioprinting methods
such as clogging of print heads, or capillaries caused by
high viscosity, cell agglomeration or ink drying.2

The laser-assisted bioprinting (LAB) process is direct
writing based on laser-induced forward transfer (LIFT)
technology initially developed for high-resolution patterning of metals for computer chip fabrication.3 It consists of
3 main parts as depicted in Fig. 1; a pulsed laser source,
a ribbon, and receiving substrate.2 Nanosecond lasers
with UV wavelength such as excimer laser 193 nm, 248
nm, or near UV wavelength such as 1064 nm are usually
used as energy sources to obtain a pulse energy deposition with 1-20 μJ per pulse.4,5 The ribbon is a multilayer
component comprised of transparent glass, a thin layer
of laser absorbing metal such as gold or titanium, and a
suspended layer of the bioink that is composed of cells,
hydrogels, and bioactive factors. When the laser beam
pulses at a specified time duration that focuses on the
ribbon, the metal layer on top of the hydrogel is vaporized,
which will create a high-pressure bubble that ejects the
bioink droplets onto the receiving substrate.6,7 The receiving substrate contains culture media to support growth
after the cell droplets are transferred from the ribbon
to the substrate. The resolution is defined as cells are
printed successively in a continuous manner at desired
coordinates. The LAB resolution varies from picometer to
micrometer in size and depends on different factors such
as the thickness of the bioink layer coated onto the ribbon,
viscosity and surface tension of the bioink, wettability of
the substrate, laser, an air gap between ribbon and substrate, and structural organization.4,8
LAB has a high degree of precision and resolution that
can print a high cell density (~108 cells mL-1) and high
viscosity (10-100 μm) bioinks without imparting mechanical stress to the cells.9,10 Moreover, it can print individual
cell or cell aggregates per droplet with high accuracy and
cell viability.11-13
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Fig. 1. Schematic diagram of Laser
Assisted Bioprinting depicting its
different parts. LAB can be used to
fabricate different tissue constructs
for tissue engineering applications.
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INTRODUCTION

BIOINK
Bioink is one of the important factors for successive
laser-assisted bioprinting. It is a combination of cells encapsulated in a biomaterial or combinations of different
biomaterials in a hydrogel form. There are two kinds of
bioinks currently used in bioprinting, scaffold-based consisted of a cell and a scaffold such as hydrogels, microcarriers, and decellularized matrix as a cell carrier and
scaffold-free wherein no biomaterials were used as a cell
carrier, only cell aggregates are printed directly.14
Stem cells are the most commonly used cells in bioprinting due to its versatility. These cells are pluripotent
that can give rise to different cell types, has the ability of
cell renewal or the ability to divide to make more cells,
and fast proliferation making it an unlimited cell source
for 3D bioprinting.
Different parameters should be considered in choosing materials for bioprinting. Ideal material should be
biocompatible, material biomimicry, and appropriate
mechanical and rheological properties to withstand bioprinting and degradation.15 Materials used as bioinks for
the LAB process are naturally derived polymers that have
a closer resemblance to an extracellular matrix (ECM)
and contain inherent bioactivity that supports cell function
and proliferation such as collagen, gelatin, decellularized
ECM, fibrin, and alginate.16
Collagen is the main component of the extracellular
matrix making it an excellent biomaterial for cell growth
and tissue regeneration. It offers a quick gelation rate
under pH 8 and a temperature of 37°C.17 However, it has
insufficient mechanical properties for load-bearing tissue
engineering applications such as bone and cartilage.18
Synthetic and natural polymers are combined with collagen to improve its printability and its mechanical properties.19
Gelatin is a fibrous protein derived from partial hydrolysis of collagen.20 It is a water-soluble and thermo-reversible that forms a hydrogel at a lower temperature (< 35°C)
and turns viscous liquid at 37°C which is highly desirable
for bioprinting. Moreover, it is biocompatible, has low antigenicity, biodegradable and low cost.21-23
Decellularized extracellular matrix (dECM) is a non-cellular component of tissues and organs. It mainly consists
of collagen, glycosaminoglycans, growth factor, and other
bioactive molecules making it biocompatible.24 It provides
biochemical and biomechanical cues for cellular functions due to its inherent composition and characteristics.
It is commonly combined with other natural and synthetic
polymers to increase its mechanical properties.19
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Fibrin is the main component of the blood clot and is a
self-assembling natural polymer. It contains RGD (ArgGly-Asp), an amino acid sequence favorable in cell binding
through cell integrin interactions.25 It is a biocompatible,
biodegradable polymer that promotes cell attachment,
proliferation, differentiation, and extracellular matrix formation.8,26
Alginate is a natural polysaccharide derived from brown
seaweed. It is similar to the glycosaminoglycan of native
ECM of the human body making it biocompatible and has
ECM-like properties that allow cell encapsulation in a
highly hydrated and mechanically suited 3D environment.
Moreover, it is low cost, low toxicity, and has a fast gelation property under physiological conditions.27-30

APPLICATION
LAB process provides a fabrication technique that can
precisely control and replicate the internal structure as
well as cellular orientation and arrangement of tissues,
and organs such as bone, skin, cornea, organoid and adipose tissue.

Bone

LAB provides an improved vascularization and tissue
integration in 3D bone-engineered constructs that enhanced bone formation specifically with a critical-sized or
large bone defect. Keriquel et al. printed in situ mesenchymal stromal cells within the collagen and nHA matrix
using LAB technology. After 1 and 2 months, a significant
bone formation was observed on the defect site with the
lab-printed constructs as opposed to the bare collagen
and nHA matrix.31

Skin

Bio-printed skin enables accurate construction of tissue-engineered skin based on biomolecules and spatial
arrangement of native skin. Michael et al printed 20 layers
of fibroblast containing collagen and 20 layers of keratinocyte containing collagen onto a sheet of Matriderm® using
the LAB method. The printed skin grafts were implanted
into a full-thickness skin wound of a mouse. After 11 days,
keratinocytes developed a dense stratified tissue synonymous with the normal epidermis with vascularization.32

Cornea

Cornea blindness due to corneal disease is one of
the leading health problems faced by people in modern
times.33 Bio-printed cornea enables researchers to fabricate and mimic the complex structure and cell-specific
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Organoid

Organoid fabricated in traditional method proved to be
problematic and does not provide consistent microwell
geometries that affect cell function and proliferation as
well as insufficient vascularization. LAB process provides
consistent high-density cell distribution with consistent
microwell geometries and high resolution that enhanced
vascularization. Gaebel et al. with the use of the LIFT
method prepared a cardiac patch printed with HUVEC
and human MSC (hMSC) in a defined pattern for cardiac
regeneration. The cardiac patch was proved to enhance
angiogenesis in the border zone of infarction and preserve cardiac functions after acute myocardial infarction
in rats.35

Adipose

Human adipose-derived stem cells (hASCs) were
printed using the LAB method in a free-scalable 3D grid
pattern with alginate hydrogel on the substrate slide by
Gruene et al. The hASCs proliferation and differentiation
ability were not affected by the LAB procedure. After 10
days, the 3D grafts were differentiated into the adipogenic
pathway by the presence of visible lipid accumulation, and
gene expression of adipogenic markers LPL, aP2, and
PPAR-γ 2 from hASCs.36

Vascular

Printing of multiple cell types in a 3D array using the
LAB technique was demonstrated by Gruene et al. Spots
of human adipose-derived stem cells (ASCs) and endothelial colony-forming cells (ECFCs) with fibrin as cell
carrier were arranged layer by layer in a 3D array. Results
indicated that the cell viabilities of both cells were not affected by the laser-assisted printing procedure. After 2
weeks, vascular like structure formation was observed in
a vascular endothelial growth factor (VEGF) free medium.37

LIMITATIONS AND FUTURE PERSPECTIVE
One of the limitations of LAB setup is expensive for
basic tissue engineering research. However, the cost
of 3D printing technologies is rapidly decreasing due to
higher supply and demand as the need for the fabrication
of complex bioengineered tissue constructs are being in
demand nowadays. Although laser-assisted bioprinting
is highly desirable for printing highly viscous bioink with
high cell viability and with great precision, it is still limited
to printing 2D patterns due to its printing mechanism.
Several studies have been fabricating a tubular 3D scaffold using the LAB printing process and showed favorable
results.30,38 Moreover, LAB can be utilized in combination
with other 3D bioprinting methods or fabrication techniques to produce 3D tissue constructs with higher mechanical properties for tissue engineering applications.
LAB process can print a combination of cells with high
viability in one single spatial arrangement that mimics the
orientation of native tissues and organs. It can generate
artificial cell niches that are highly needed for cancer and
drug research which cannot be fabricated using traditional methods. In addition, LAB fabricated constructs can be
used in vitro for drug screening and toxicological testing
as it provides complex structural and functional orientation similar to native tissues and organs of interest.
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