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Abstract

To date, the ultimate goal of bioprinting is to create autologous tissue grafts for future replacement therapies through uti-
lization of cells and biomaterials simultaneously. Bioprinting is an additive manufacturing technology that has significant
potential in the biomedical field. Among the main bioprinting techniques, such as inkjet, laser and extrusion bioprinting, the
laser-induced forward transfer technique (LIFT) is based on a precise nozzle-free laser-assisted cell free/cell-laden microdro-
plet transfer. Although this technique was first reported in the 1980s, it begun to rapidly develop in biomedicine only a decade
ago. It is a promising technique due to its high spatial resolution, post-bioprinting cell viability, and the ability to deposit
high-viscous biomaterials. These characteristics allow the LIFT technology to control cells precisely to engineer living tissue.
In this review, we discuss LIFT technique and its applications in biomedical engineering. This advanced technology enables
the precise manipulation of in vitro cellular microenvironments and the ability to engineer functional three-dimensional (3D)
tissues with high complexity and heterogeneity, which serve in regenerative medicine and in vitro screening applications.
The core of this review is the discussion of biological and physical aspects for tissue engineering and/or organ replacement
encountered during printing specifically when utilizing the LIFT technique.
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Introduction The main objective of bioprinting field is to fabricate

functional organs or tissues for in vivo transplantations that

The multidisciplinary field of bioprinting combines addi-
tive manufacturing process, medical science and mechani-
cal engineering. In recent years, there have been enormous
developments in utilizing the potential of bioprinting in dif-
ferent fields including medical sciences [1]. Based on the
technology of additive manufacturing method, it can cre-
ate complex 3D structures by depositing biomaterials on a
receiver substrate or scaffold. The advancement of bioprint-
ing ensures its wide prospects in biofabrication, especially
in drug testing, tissue engineering, 3D tissue models and
regenerative medicine applications [2, 6].
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can mimic the complexity of native tissues and organs [7, 8].
Native tissues or organs are composed of multiple cell types
located within a complex spatially organized three-dimen-
sional microenvironment. In the past, due to limitations in
technology, most cells or tissues are cultured in 2D struc-
tures. Due to the limited cell interaction in a 2D structure,
cells may lose some of their biological functions, causing
difficulties in cell migrations, reproduction, and assembly
processes for tissue regeneration [9, 11]. In order to over-
come these issues, several technologies have been developed
to construct 3-D biological models. The latest technologies
include bioprinting [12] and microfluidic devices [13].
In recent years, three-dimensional (3D) bioprinting has a
potential among all other methods for creating functional
tissues to bridge the gap between artificially engineered tis-
sue constructs and native tissues [14, 16].

Bioprinting technologies for engineering functional tis-
sues that mimic their native prototypes fall into four three
categories: (i) droplet-based, (ii) extrusion-based, and (iii)
laser-based bioprinting techniques. Each of these can be

@ Springer


http://orcid.org/0000-0001-6341-4495
http://crossmark.crossref.org/dialog/?doi=10.1007/s44174-022-00040-1&domain=pdf

Biomedical Materials & Devices (2023) 1:5-20

further classified depending on the specific mechanisms
that enable materials or cells to be positioned in 2D or 3D
[17,23-25]. Drop-on demand inkjet bioprinting is the most
common technique and used for the printing of matrices for
the cell growth (e.g., small scaffolds) [26, 27]. Significant
studies of inkjet bioprinting have included the regeneration
of functional tissues, such as skin and cartilage, in situ [28,
29]. Nevertheless, inkjet bioprinting has a significant obsta-
cle in material viscosity due to the excessive force required
to eject droplets using biomaterials at higher viscosities
[30]. Another limitation of this technique is the difficulty
in achieving biologically relevant cell densities, thus low
cell concentrations are used to facilitate droplet formation
(less than 106 cells/mL) [31]. Extrusion-based bioprinting
system generates continuous biomaterial filaments enabling
sequential layer-by-layer printing and avoiding contamina-
tion between different materials, instead of droplets. This
technique provides the ability to deposit high cell densities
as well biological material such as hydrogels and biocompat-
ible copolymers [32]. Extrusion bioprinting technique has
also been used for the generation of multiple tissue types,
including aortic valves and in vitro pharmacokinetic models
[33, 34]. However, a major drawback of this technique is that
cell viability is lower than that with inkjet-based bioprint-
ing (40-86%). The reduced survival rate is probably due
to the shear stresses exerted on cells in viscous biomateri-
als [35]. Although all of these bioprinting technologies find
their applications in tissue engineering and regeneration,
this review will focus on laser-based technologies and in
particular in laser-induced forward transfer technique (LIFT)
due to its great potential in bioprinting, and unique technical
challenges.

The LIFT technique has been used to create scaffolds,
using a wide range of biomaterials, with defined structures
[36-38]. LIFT has demonstrated unique properties in bio-
printing of various cell-laden/biomaterials for implant-
able medical devices and tissue engineering/ regenerative
medicine applications. As described in the literature, this
technique has been applied to print various biomaterials,
including proteins [39, DNA [40, living cells [41, 42, and
cell-encapsulating hydrogels [43, 44]. Compared to other
bioprinting techniques, such as orifice-based inkjet printing,
which has some limitations, such as nozzle clogging [45],
LIFT, as an orifice-free printing method, has advantages in
direct writing cell-laden materials with different viscosities
ranging from 1 to 300 mPa/s, with negligible effect on cell
viability/cells- functions, and achieves high-resolution print-
ing at cell concentrations up to 1 x 10® cells/mL [46, 47].
Finally, through LIFT printing, the spatial arrangement of
cell-laden biomaterials can be controlled at a resolution of
less than 10 um, enabling the fundamental understanding of
cell—cell and cell-microenvironment interactions. Although
LIFT is one of the most promising bio-printing technique,
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it has also some limitations in terms of the preparation of
the donor supply. The cost of laser-assisted printing tech-
nologies is rapidly decreasing due to higher demand as the
need for the fabrication of complex bioengineered tissue
constructs have increased nowadays. Also, the cost of the
process is expected to further decrease as a result of the
further decrease of the lasers’ cost.

This review will provide a brief overview of the main
physical and biological aspects of LIFT bioprinting, as well
as present a context that both biologists and physicists can
understand.

In the following sections, first the LIFT printing technol-
ogy is presented from a technical point of view, and the
physics behind the technology is described. Then, the physi-
cal parameters that must be tuned to print viable cell patterns
with respect to cell-level spatial resolution in high-through-
put conditions are considered. Finally, tissue engineering
and regenerative medicine applications for basic biology
research are addressed.

LIFT Bioprinting
Experimental Setup

In principle, the LIFT setup consists of a pulsed laser and
two positioning systems namely donor and receiver sub-
strates. The donor substrate is a transparent carrier coated
with a thin laser-absorbing layer (also called dynamic release
layer, DRL), onto which the material under transfer (e.g.,
cells, biomaterial, hydrogels) is applied and a receiver sub-
strate which is placed at close proximity and in parallel to
the donor surface (Fig. 1) [48, 50].

The laser pulses are focused through the laser-absorbing
layer, which is vaporized locally in the focal region of the
laser beam. Laser absorption causes a high-pressure bubble
to form inside the liquid, which rapidly expands to form a
thin, fast jet, followed by the separation of each droplet and
subsequent transfer of the droplet to the receiver substrate.

Any desired 2D pattern can be created on the receiver
substrate, by moving the laser and/or the two substrates inde-
pendently, while 3D patterns have also been fabricated in a
layer-by-layer manner [51].

A 10- to 100-nm-thick layer of metal (gold [52, titanium
[53, silver [54]) is usually used as a laser-absorbing layer
material. Alternatively, polymeric materials, such as triazene
[55, polyimide [56] and polyethylene naphthalate foil [57],
have been reported.

These different laser-absorption materials have been
researched for different laser bioprinting experiments. Ablat-
ing and vaporizing the absorption material generates debris
and, in the case of polymer materials, altered chemical
substances. These substances may be gaseous and volatile.
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Fig.1 Schematic of LIFT process

However, some residues are transferred in the printed pat-
tern. However, this is not necessarily a problem, since gold
and titanium oxide, for instance, are biologically inert. While
these residues may not be readily visible in thicker 3D struc-
tures, if one-day complete organs can be printed for implan-
tation, they are likely not to be tolerated. Consequently, the
two-layer system of an adhesive cyanoacrylate layer on the
glass substrate and a brass foil on top was studied [58]. In
this system, the laser pulse only vaporizes cyanoacrylate,
causing the vapor bubble to expand and expand the brass
foil without disrupting it also known as the "blister effect”
[56]. A part of the polyimide directly at the glass slide is
evaporated, bulging the remaining part and this blister effect
is strong enough to cause biomaterial transfer.

Besides the different laser absorption materials, various
laser sources have also been applied. Some research groups
applied near-infrared lasers at 1064-nm wavelength [59],
while other groups used UV laser sources with wavelengths
between 193 [58] and 355 nm [53]. Considering that UV
laser sources can induce chemical reactions and break up
solid polymers into gaseous substances (in an ideal scenario,
this would happen completely), UV lasers are best suited
for polymeric absorption materials. However, UV radiation
may damage cells.

The use of near-infrared lasers has been limited to metal
absorption layers (gold, titanium), resulting in the deposition
of debris in the printed structure; however, metal absorption

layers are preferred for spreading biomaterials evenly across
them.

Parameters Related to LIFT Bioprinting

A number of factors determine the success of LIFT bioprint-
ing, including bubble formation, jet development, deposi-
tion volume, resolution, and cell viability. Specifically, the
critical parameters include: a) laser fluence, (b)laser spot
size, (c) thickness of the laser- absorbing layer, (d) physical
properties of the biomaterial, (e) thickness of the biomate-
rial, (f) distance between donor-receiver substrates [60, 61].

In the jet formation, three regimes appeared by increas-
ing the laser fluence, namely subthreshold regime, jetting
regime, and plume regime. These bioprinting regimes are
related to the laser-induced bubble dynamic, which can be
approximated by the Rayleigh—Plesset equation. This equa-
tion, which is the expression of the evolution of the vapor
bubble radius with respect to time, depends on the liquid
kinematic viscosity of the liquid and the surface tension [62,
63]. The Rayleigh—Plesset equation describes the dynamic
of a bubble in an infinite body of incompressible fluid. Since
the size of the vapor bubble is not negligible compared to the
biomaterial thickness, the interactions of the bubble with the
free surface have to be considered. Several studies have dem-
onstrated that when a bubble reaches its maximal diameter,
it begins to collapse under external pressure, and a jet may
form based on the standoff distance [64, 65]

r=_" )

Rmax

In Eq. 1, & is the distance between the initial vapor bubble
centroid and the free surface, which depends on the initial
thickness of the biomaterial film and Rmax is the maximum
bubble radius, which is related to the laser fluence and the
bioink viscosity.

Recent time-resolved imaging studies (Fig. 2) demon-
strate the importance of interactions between a bubble and
its free surface in the formation of a jet and describe a criti-
cal vertex angle that establishes the boundary between sub-
threshold conditions and jetting conditions [66—68].

A time-dependent graph of the vertex angle for sub-
threshold and jetting conditions is shown in Fig. 3. Due to
plasma formation from ablation of the gold layer (DRL),
a large vapor bubble is created at first, resulting in a rapid
decrease in the vertex angle [69]. By producing a strong
impulse, laser ablation produces pressure enclosed within
the bubble, which is greater than atmospheric pressure and
surface energy. During the first 5 psec, the expanding bub-
ble deforms the biomaterial by stretching it in a forward
direction. At 5 psec, the influence of surface tension is
apparent from the uniform round tip of protrusion. Since
the surface tension and viscoelastic properties of the ribbon
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Fig.2 Time resolved imaging
of laser-induced jet formation in
LIFT at different laser fluences
[66]
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Fig.3 Vertex angle vs time. Solid curve denotes subthreshold regime,
fine dot curve denotes the experimental jetting regime data, and
dashed curve denotes the M.S. Longuet-Higgins Model [68]

have counteracted the bubble's expansion, the bubble retreats
without generating a jet at 105 degrees. In jetting regime,
the vertex angle drops with an abrupt change in behavior at
4 psec. Initially, the bubble expanded and its vertex angle
rapidly decreased, indicating a strong impulse generated by
high laser fluence, which accelerated biomaterial forward,
allowing it to cross the 105 degrees limits and emerge as a
jet at the edge. A rapid deviation from the model at 4 psec
along with the appearance of a spike, demonstrates that bio-
material is involved in maintaining the pressure enclosed
inside the liquid. Nevertheless, its viscoelastic properties and
external atmospheric pressure cannot overcome the enclosed
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pressure. During this stage, a spike on the axis may be a
result of hydrodynamic pressure concentration at the rear
surface of the axis [70]. The continuous propagation is sus-
tained by the momentum [42] of the jet pulling additional
fluid from the surrounding film. The counterjet appears as
a consequence of momentum conservation. In addition, the
protrusion is able to suppress the recoiling process due to
surface tension due to fluid induction from the surrounding
film in the direction of the flow [71].

In the subthreshold regime, the forming jet returns back
to the donor substrate without transferring material. In the
plume regime, the breakup of the initial jet and the jet-form-
ing spray resulted in the formation of an unstable jet with
undesirable droplets dispersed over the receiver substrate.
As aresult, both of these regimes are considered undesirable
during LIFT bioprinting. During a well-defined bioprinting,
a stable jet will appear and the bioink can be transferred in a
controlled manner, as demonstrated in Fig. 4b.

At this point, it is important to emphasize that that the
laser fluence is not the only parameter that determines the jet
regime [72]. The viscosity of biomaterial is also an impor-
tant parameter here (Fig. 5) [73]. When the biomaterial vis-
cosity is high, it needs more laser fluence to trigger the jet
formation process, while if the biomaterial viscosity is low,
splashing is very likely to occur. Moreover, during LIFT bio-
printing process, printed cells may not survive due to exces-
sive laser fluence transfer or mechanical deformation upon
impact on the receiver substrate. In previous studies it has
been demonstrated that a minimum shock-absorbing receiv-
ing hydrogel substrate (such as MatrigelTM) is necessary
for the mechanical shock absorbance of the printed cells.
Furthermore, in case the substrate is insufficiently shock-
absorbing, sodium alginate can improve cell viability by
increasing bio-ink viscosity. Additionally, the laser energy
must be adjusted in relation to the maximum radiation dose
that the cells can withstand as well as the viscosity of the
bio-ink and the shock-absorbing properties of the receiving
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Fig.4 Schematic of jet forma-
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Fig. 5 Influence of layer thickness and viscosity on droplet volume

substrate. So far, no alteration of cell biology caused by
LIFT bioprinting (in terms of phenotype and DNA damage)
has been reported using suitable parameters.

To our knowledge, the LIFT bioprinting process is valid
for engineering cell-containing tissues, but genotoxicity
needs to be delineated in cell-based clinical applications
before the process can be approved [74, 75].

Controlling the Droplet Volume

The printed droplet volume depends on various parameters.
There are some things to consider besides the laser wave-
length, pulse duration and laser pulse energy, such as the
biomaterial's viscosity, surface tension, the thickness of the
laser absorption layer, and the thickness of biomaterial. In
terms of viscosity, which is a fundamental material property

when studying fluid flow for any application, the most com-
mon types of viscosity are dynamic and static, although,
in this case, it is the dynamic viscosity that is critical. The
relationship between viscosity and shear velocity depends
on the material properties. The formation of strong shear
forces can destroy cellular structures. Therefore, shear-thin-
ning solution hydrogels, such as collagen, alginate and hya-
luronic acid, are beneficial. Typically, a thicker layer results
in a larger droplet volume, however viscosity is not system-
atically influenced by laser pulse energy. Droplet volume
increases with increasing viscosity until a maximum value
is reached, then it decreases with further increases in hydro-
gel’s viscosity. This effect is even more pronounced with an
increased hydrogel layer thickness. Increases in the hydrogel
layer thickness increase the specific viscosity at which the
printed droplet volume reaches its maximum. During propul-
sion by the vapor bubble or the hydrogel’s jet, their viscosity
is decreased, causing a reduction in the shear force on the
cells; however, the more shear-thickening hydrogels remain
problematic. In general, the volume of a printed droplet
ranges from several nanoliters to sub-picoliters, depending
on the material used [73].

Effect of LIFT Bioprinting on Cells

Different laser bioprinting setups have been reported to suc-
cessfully print different types of cells. However, it is possible
that the laser-based techniques may introduce thermal and/
or mechanical stresses to living cells during laser printing
[76, 77]. If these stresses caused by a laser source exceed
the ability of cells to adapt, irreversible damage can occur.
Thermal and/or mechanical cell injuries as well as biochemi-
cal cell injuries are the three main categories of cell damage
[78]. Generally, cell damage is reversible up to a certain
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point depending on the type and load of damage that a cer-
tain cell type can anticipate and/or repair; however, exposure
of cells to high external stress may cause irreversible cell
injury, even cell death.

Cells do not suffer any damage during the LIFT bioprint-
ing process. This is a critical requirement for implementing
bioprinting. For this reason, printed cells need to retain their
vitality, behavior, phenotypes, genotypes, and ability to dif-
ferentiate. Several studies have already been conducted to
study cell damage caused by LIFT bioprinting, investigating
laser wavelengths ranging from 193 to 1064 nm [79-85] and
various pulse durations [86, 87].

For LIFT bioprinting, the most commonly applied laser
pulse duration is the nanosecond pulse [39, 88-90]. Nano-
second lasers, however, are capable of causing damage to
heat-sensitive cells during bioprinting because of their ther-
mal effects [91]. Short wavelength lasers DNA damage and
causes photochemical cross-linking in the cell suspension.
As a result, cells can undergo severe genomic instability
leading to cell death (apoptosis) or carcinogenesis [92]. It is
generally suggested that lasers with shorter pulse duration,
such as femtosecond or picosecond lasers, could reduce the
heat released to the cell suspension, thus resolving the prob-
lem of thermal damage to cells during bioprinting. Among
the different types of wavelengths, infrared lasers (IR) are
recommended because they cause less damage to cells than
UV lasers [46, 93, 94]. However, past studies have revealed
that LIFT bioprinting using UV wavelength caused minor
damage to the printed cells even without a laser-absorbing
layer, in which 99% of the laser energy passes through the
cell suspension.

Up to now, several studies have also demonstrated that a
variety of mammalian cell types can be laser printed without
damaging DNA. Additionally, various other cell types, both
carcinoma and normal, exhibit high viability, respectively,
of the laser absorbing layer used [95-98]. After bioprinting,
cell viability remains between 80 to 90% and even close to
100% (Fig. 6) [22, 99-103]. Moreover, all of these studies
show that the cells recover and begin to proliferate normally
within a short period of time. Cell viability was determined
immediately after LIFT bioprinting. Almost 100% survival
rate was described by different groups with different laser
sources, laser absorption layers, and cell types.

Barron et al. assessed, through live/dead assay, that 100%
of human osteosarcoma cells and MG63 cells retained their
viability after LIFT bioprinting [104]. In addition, they
measured cell damage after LIFT and showed extremely
low expression of stress-induced proteins (i.e., heat- shock
proteins) by deposited cells. They demonstrated that LIFT
allowed the preservation of cell viability and preserved
their ability to establish cell-to-cell communication and to
differentiate.
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Fig.6 Effect of laser energy on cell viability. Scale bar=100 pm
[102]

As indicated by the outcomes obtained, several groups
made hypotheses and provided explanations related to the
influence of the laser process on cell damage. In one of the
experiments reported earlier, Ringeisen et al. suggested that
the slight cell damage observed after bioprinting was caused
by laser incident energy, heat stress, shear stress during
acceleration (cell droplets formation) and deceleration (cell
droplets landing on receiver substrate) processes. The thick-
ness of hydrogel coating on the receiver slide was found to
be an important parameter to decrease cell injury following
landing. It was demonstrated that cell viability was increased
from 50 to 95% when the hydrogel thickness was raised from
20 to 40 pm [105]. Cell droplets can rupture their mem-
branes during landing, leading to cell death. However, it is
possible that cell damage might result from a combination
of mechanical, chemical, and photochemical effects [106]. It
is possible that the thermal injury affects both enzymes and
proteins, potentially causing evaporation or carbonization of
cells, and that UV radiation could damage DNA. Lin et al.
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determined that laser conditions had a direct effect on cell
viability. Based on their experimental results, researchers
showed that cell viability of printed yeast (Saccharomyces
cerevisiae) decreased with increasing laser energy and that
laser energy impacted post-bioprinting cell recovery. How-
ever, with regard to thermal and UV damage, they concluded
that they were negligible [107].

Interestingly, another study hypothesized that the pres-
ervation of cell viability could have been due to the fact
that laser-based technologies are high-throughput processes,
which subject the cells to rapid stress [108, 109]. As a result,
in contrast to the UV damage described earlier by Lin et al.,
in laser-based technologies used for cell bioprinting, inci-
dent laser pulses cause only a small amount of thermal
penetration (a few micrometers) compared with 100 um
of thick coating, since jet formation occurs within a few
microseconds after incident laser pulses are focused. And,
therefore, the thermal damage can be considered negligible
[106]. Finally, other groups showed that, in addition to laser
energy and hydrogel film thickness, viscosity of cell bioink
had a significant effect on maintaining cell viability after
bioprinting. The viability of EA.hy926 endothelial cells was
determined by applying different laser energies and concen-
trations of sodium alginate (0.5 or 1% (w/v)), and the results
showed that the higher concentration of sodium alginate pro-
vided the highest viability. Increasing the bioink viscosity
would thus contribute to improve cell survival [110].

In conclusion, laser-based technologies enable the suc-
cessful bioprinting of a wide variety of cells, while main-
taining their viability, genotype, and phenotype [111, 112].
Laser parameters have been optimized in order to protect
the cells from the potential damaging effects of the process.

Bioink Composition

In LIFT, cells must be suspended in a liquid bio-ink before
being printed onto the receiver substrate, and to print a 3D
structure containing cells, the bio-ink should be gelled after
bioprinting onto the receiver substrate. Regarding the 3D
layer-by-layer manufacturing process, the gelation procedure
is necessary to immobilize the 2D- printed structure and to
support subsequent bioink layers for 3D structures using the
layer-by-layer method, also the gelation procedure should
not damage the cells. Especially for LIFT bioprinting appli-
cations, bio-inks are demanded to have similar biochemical
properties to the native extracellular matrix, which is criti-
cal for cell homeostasis in vivo [113, 114]. Several studies
have reported that the cells have successfully been printed
using different bio-inks including culture medium alone
[119, mixed with sodium alginate [116] or a combination of
blood plasma and sodium alginate [117].

The human body also contains fibrin gel, which is another
example. Gelation starts when fibrinogen is mixed with

thrombin. Both hydrogels provide a cell-friendly environ-
ment; however, their viscosity is quite low. Therefore, these
hydrogels are printed mixed with cells and hyaluronic acid,
another hydrogel, which is also found in the human body and
has a high viscosity to stiffen the printed structure. Fibrin is
also an example of stimulating the migration of keratinocyte
cells. It is possible that fibrin-printed cells will reorganize
in the printed structure and be found in completely different
patterns later [118, 119].

Another hydrogel is collagen, the most abundant struc-
tural protein in the human body, however, collagen is acidic,
and cells inside would quickly die. Hence, it is necessary to
mix it with a base to yield a physiological pH of 7.4 before
embedding the cells (after that collagen starts to form a gel).
According to the temperature and concentration, the gela-
tion process can take several minutes, although the viscosity
changes depending on the level of advanced gelation. As a
result of the inhomogeneous viscosity of neutralized colla-
gen with cells, bioprinting with reduced resolution is possi-
ble during the gelation process. The gel form of Matrigel or
20% gelatin for bioprinting mouse embryonic stem cells has
been successfully created through laser-assisted bioprinting
using slightly different techniques [120, 121].

Evaporation of the bioink is critical because it is typically
applied into the target as a 50-pm thin layer and therefore,
another group has suggested using methyl-cellulose in the
bio-ink to prevent evaporation [122].

LIFT-Printed Multicellular Patterns for Cell-
Cell and Cell-Microenvironment Interaction
Studies

An in-depth understanding of the interactions between dif-
ferent cells and their environments is essential for the devel-
opment of replacement tissues and organs, as well as cell-
based therapies. A conventional cell culture conducted on
2D plastic surfaces is limited in terms of simulating complex
interactions within the cell microenvironment, and it can-
not simulate 3D tissue microenvironments effectively; cell
behavior differs dramatically in three dimensions [123]. In
addition to investigating tissue-specific cell behavior, tissue
regeneration, and the effects of pharmaceuticals or chemi-
cal agents in vivo, printed 3D cell models could provide a
better understanding of these topics. For example, complex
tissues, especially with integrated vascular networks, have
not yet been printed. Even so, the first steps have already
been taken. Below follows a presentation of several laser-
printed 3D cell constructs, including, a multicellular 3D skin
equivalent, stackable biopapers with printed cells, cellular-
ized scaffolds for nerve regeneration and in vivo printing of
cardiac patch into mice.
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LIFT-Printed Multicellular Patterns for Cell-Cell
and Cell-Microenvironment Interaction Studies

Current studies indicate that cell behavior and tissue func-
tionality are influenced by local cell density, cellular spac-
ing, cellular interaction, and binding of cells to their 3D
environment, while cellular microarrays have been devel-
oped to investigate cell behavior in various experiments in
parallel [124, 125]. The ability of LIFT technique to spa-
tially control cell position and to print different cell-laden
biomaterials with a various cell-densities may be useful
when studying cell-cell and cell-microenvironment inter-
actions [126].

Biological processes are totally different under two-
dimensional or three-dimensional culture conditions, so
it is necessary to organize cells in three dimensions to
reproduce complex intercellular interactions, which occur
in vivo [112]. This spatial arrangement of cells has been
demonstrated to have important functions on cellular dif-
ferentiation and cell self-renewal both in vivo and in vitro
[127, 129]. A LIFT technique allows researchers to create
spatially defined co-cultures or multiculture models through
the precise deposit of biomaterials. This allows studying cell
communication, identifying cues that drive specific cell dif-
ferentiation, and investigating how cell-environment interac-
tion affects cell differentiation.

Gruene et al. [130] implemented LIFT for the assembly
of multicellular 3D arrays layer-by-layer, consisting of dis-
crete droplets of human adipose-derived stem cells (ASCs)
or endothelial colony-forming cells (ECFCs). A 3D array
with such a ratio, quantity, type, and spacing can be created
with any cellular ratio, quantity, type, or spacing, while the
height of the array can be adjusted freely. Fibrinogen and
hyaluronic acid formed the natural matrix that acted as a cell
carrier. By blade-coating fibrinogen onto a collector slide,
first, a layer of fibrin is formed, and then the layer is cross-
linked with thrombin. By using LIFT, different cell types
are printed in a controlled cell spot spacing on top of the
first fibrin layer. Using the same procedure, a second fibrin

Fig. 7 (left) Fluorescence
images demonstrating the vari-
ation of cell—cell ratios, (right)
visualization of ASCs- ECFCs
interactions by 3D cell arrays in
co-cultures
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layer is coated. Finally, the second and third steps can be
repeated several times to fabricate 3D cell arrays. Alterna-
tively, the fibrin-based environment can be replaced by any
other hydrogel.

ASCs and ECFCs were selected to investigating vascular
network formation, since these type of cells represent ideal
cell sources for therapeutic revascularization of ischemic
tissues and may promote vessel formation in engineered tis-
sue constructs [131].

Cell signaling was observed in vascular endothelial
growth factor-free (VEGF-free) medium for 10 days. In
addition, 3D mono-coculture cell arrays consisting of
ASCs or ECFCs were generated and kept in VEGF-free
culture medium as control, and Fig. 7 depicts ASCs (+)
that migrated toward the ECFCs (o) and contacted on day
5, while before that the ECFCs showed negligible activity
[19]. On day 5, ECFCs activity increased significantly after
cell—cell interactions and started to form vascular-like net-
works, which grew out toward the ASC spots and formed big
branches. These vascular-like networks retained their struc-
ture stable for 2 weeks under culture conditions and were not
observable either in the ASC or the ECFC control. Migration
of ASCs toward ECFCs may be driven by a platelet-derived
growth factor (PDGF) gradient and the subtype PDGF-BB
that is expressed in large amounts by ECFCs is well known
to stimulate ASC proliferation and migration [132].

Moreover, using laser-assisted bioprinting of cells to
make complex three-dimensional constructs that will rep-
licate native tissues or organs is an application in pharma-
ceutics and drug development that could replace or at least
reduce animal testing [133]. Additionally, this capability to
enable studies of cell-cell interactions could be applied to
biomaterial (hydrogels) testing and development, by ena-
bling multiple array tests to investigate cell-microenviron-
ment interactions [106].
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Skin Tissue Applications

Ultimately, the objective of bioprinting is to develop 3D
organs that fully mimic the native tissue architecture and
functions. Although not yet succeeded this goal, simple tis-
sue constructs have already been printed. 3D printed tissue
models can be used as testing platforms for chemical agents
and pharmaceutical applications. In the future, they could be
integrated into so-called micro-physiological systems, which
include different ex-vivo tissue types combined in microflu-
idic systems. Therefore, these printed systems would pro-
vide us the ability to understand directly the complex cell’s
behavior, tissue function, and regeneration.

To investigate the possibility of LIFT tissue formation,
researchers developed laser printed skin tissue equivalents
as ex vivo tissue models from fibroblast and keratinocyte cell
types, both embedded in protein matrices (collagen type I on
a collagen-elastin), to mimic the stratified structure of natu-
ral skin with a dermis and epidermis [134] (Fig. 8 A). These
well-established cell types (murine fibroblast, NIH3T3, and
human keratinocytes, HaCaT, from adult human skin) were
also utilized in past studies [135]. The use of 3T3 fibroblast
cells is widespread for keratinocytes culture because they
induce favorable growth factors [136]. Collagen which con-
stitutes the main structural element of the dermal extracel-
lular matrix (ECM) in the skin and it was used to reach as
close as possible to the native skin.

After LIFT bioprinting, there was evidence that tissue
formation was confirmed through the presence of intercel-
lular junctions in all types of tissue, including epithelium
like the epidermis.

They investigated intercellular adherens junctions [142,
which are essential for tissue morphogenesis, as well as gap
junctions, which allow chemical communication between
cells [138]. Additionally, researchers also found a signifi-
cant number of intercellular adherens junction formation
between printed keratinocytes and minor formation between
fibroblasts, as expected since keratinocytes form a high level
of junctions in the dermal epithelium (epidermis) [137]
(Fig. 8E). Moreover, a few days after LIFT, they noticed
gap junctions, localized within the cell membrane, between
all neighboring cells, and using a dye-transfer method in
vital 3D cell constructs, the functionality of cell-cell com-
munication was demonstrated. Therefore, printed skin grafts
were shown to mimic tissue-specific functions with respect
to adherens and gap junctions and basement membrane for-
mation between keratinocytes and fibroblasts, as it appears
between the epidermis and dermis in native skin, was also
noticed [134] (Fig. 8C).

Michael et al. [139] printed a fully cellularized auxiliary
skin using the LIFT technique. These skin substitutes were
further tested in vivo using the dorsal skin fold chamber
in animal models. These skin substitutes were completely
integrated into the neighboring tissue when implanted after

Fig.8 Skin tissue formation, 10 days after printing. Fluorescence
microscopic images of 3D printed fibroblasts and keratinocytes. A)
Section through the laser printed structure, prepared directly after
LIFT, with transduced fibroblasts (red) and keratinocytes (green),B)
fibroblasts are stained in red (pan-reticular fibroblast), keratinocytes
are stained in green (cytokeratin 14) and cell nuclei are stained in
blue, C) An anti-laminin staining in green and all cell nuclei in blue,

D) keratinocytes in the bi-layered structure while all cell nuclei
(fibroblasts and keratinocytes) are counterstained in light blue with
hematoxylin, E) pan-cadherin-staining (green) and cell nuclei stain-
ing with Hoechst (33,342 (blue), F) Cx43 distributed in a scattered,
punctate fashion, which is a sign for the formation of gap junctions;
G) Visualization of gap junction coupling with Lucifer yellow dye
(green), the nuclei of the HaCaT keratinocytes are stained red

@ Springer



14

Biomedical Materials & Devices (2023) 1:5-20

11 days and a stratified epidermis with beginning differen-
tiation and stratum corneum was observed. The presence
of E-cadherin as a marker for adherens junctions and con-
sequently the formation of tissue could be observed in the
epidermis both in vivo and in vitro. LIFT-printed fibroblasts
developed collagen above and within the substratal Matri-
derm in both conditions and the blood vessels appeared to
grow from the base of the wound and its edges toward the
printed cells.

Blood Vessel Applications

A major challenge of tissue engineering is to create perfus-
able tissue substitutes, considering that cells are confined
to a diffusion distance of 150-200 pm from blood vessels.
In numerous studies, different strategies have been used to
develop a functional vasculature, e.g., growth factors, peri-
cytes and smooth muscle cells, coculture with different types
of cells, and gene transfer. Several LIFT-based studies have
targeted this challenging task by using cell bioprinting and
prevascularization methods to achieve tissue perfusion via
engineered tissues.

Using laser-based technology, researchers patterned
HUVECsSs on MatrigelTM in two and three dimensions and
found that vascular structures are formed in accordance
with the pattern [140]. Another group demonstrated the
capacity of the LIFT technique to organize HUVECs and
HUVSMC s in branch/stem structures in order to promote
a network organization, similar to an in vivo vasculature
[141]. In addition, Pirlo et al. used LIFT bioprinting to
print HUVECs on PLGA/hydrogel (Collagen type I from
rat tail or Matrigel™) biopapers. They demonstrated that
cells self-assembled into networks, following the defined
pattern, mimicking the complex vascularization of native
tissue. Through overlaying the HUVEC networks on bio-
paper layers, 3D prevascularized constructs are possible,
allowing them to be fabricated in three dimensions [142]
(Fig. 9). Using the LIFT technique, microvascular networks
have been formed in an oriented and controlled manner, and

Fig.9 (left) Unloaded PLGA, (right) Biopaper loaded with HUVECs
and Collagen Type I [142]
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with the combination of layers-by-layers, it will be possible
to enable complete 3D constructions.

It appears that laser-assisted cell bioprinting holds prom-
ise as a method to introduce prevascularization within engi-
neered constructs; however, a greater degree of development
is needed in order to create fully-functional tissue constructs
that can be perfused. Before implantation of three-dimen-
sional substitutes, it is essential to create an environment
that promotes the growth of vascular networks and the mor-
phology and function of endothelial cells. Particularly, this
recapitulation of a cell-friendly microenvironment is crucial
because it enables cell signaling between neighboring cells.
As an example, the cardiomyocyte function, including myo-
cardial contractility, is regulated by the coupling of endothe-
lial cells with cardiomyocytes in cardiac surgery [143].

Nervous System Applications

As nervous tissue presents limited healing capacity, tissue
engineering faces the challenge of preventing irreversible
loss of function when the central and peripheral nervous
systems are damaged;. In order to promote nerve repair and
regeneration, laser-based technologies have been applied to
pattern neurons or glial cells along with a specific archi-
tecture within a structure in three dimensions. Researchers
printed B35 neuronal cells to create three-dimensional cel-
lularized models, by in situ depth-controlled transfer within
polymerized Matrigel TM substrate, to study nerve regenera-
tion [144] (Fig. 10).

A research group used the LIFT technique to print rel-
evant-size patterns of olfactory ensheathing cells (OECs)
throughout a multilayer hydrogel scaffold. These cells have
shown the ability to promote neurite outgrowth in spinal
cord injury models [145]. The authors demonstrated the

Fig. 10 Observation of printed B35 neuronal cells in confocal
microscopy, with the presence of axonal extensions between neuronal
cells on different deposition planes [144]
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creation of a three-dimensional cellularized scaffold, with
a defined micro-organization of OECs, that enhanced cell
interactions and proved that these cellularized matrices
could be transplantable into an animal model to promote
axonal regeneration of spinal cord injury [146].

Additionally, neural stem studies, such as cell prolifera-
tion and differentiation, could be performed using laser bio-
printing technologies, by organizing the cells along with a
specific architecture within a structure, leading to advances
in nerve damage treatment or drug testing applications
[147]. Moreover, Curley et al. organized the dorsal root
ganglion neurons using laser direct write technique in order
to reproduce a neural micro physiological system, offering
deeper understanding and prospects in neurophysiology and
neuro-regeneration [148]. As a result of the inherent com-
plexity of the nervous system, bioprinting techniques such
as LIFT can create cellular models that are unsurpassed in
terms of cellular organization, thereby expanding the field
of regenerative medicine.

Heart Applications

The use of laser bioprinting to create cellular structures
holds great promise for the creation of cardiac tissue, as
cardiomyocytes are contractile cells with a specific three-
dimensional arrangement. The current lack of neovascu-
larization, concerning therapeutic solutions after myocar-
dial infarction, such as cardiac patches, is one of the main
limitations. Recent studies have indicated that lasers could
be used in bioprinting, leading to significant implications
for cardiac surgery.

In order to promote cardiac regeneration, Gaebel et al.
printed squared patterns of HUVEC and hMSC onto a poly-
ester urethane urea (PEEUU) patch. The rationale for using
hMSC was based on their capacity to stimulate angiogenesis.
In fact, the authors found that the formation of coculture
patches of HUVEC and hMSCs led to vascularization and
improved functional recovery of infarcted hearts when com-
pared to cells seeded randomly. In this way, cell bioprinting
could be an effective method for treating myocardial infarc-
tion, resulting in wound healing and enhanced cardiac func-
tion preservation [149] (Fig. 11).

Several studies have been focused on establishing co-cul-
tures between MSCs and cardiomyocytes since they have
been shown to contribute to cardiac regeneration. However,
these conventional coculture systems do not accurately
mimic native cardiac muscle architecture. Ma et al. present
an improved MSC-cardiomyocyte coculture model by using
laser-based technologies, which mimic the arrangement of
cardiomyocytes in vivo. The aim of the study was to exam-
ine whether this cellular cross-talk had an impact on MSC
cardiogenic differentiation. According to the results, this
cell alignment accelerated stem cell differentiation into the

cardiac phenotype (contractile cytoskeleton, electrophysi-
ological properties, cardiogenic transcription factors, and
connexin 43 distribution) [150].

In this field of medical research, in addition to its ben-
efits for cardiac repair, LIFT may allow the development of
more sophisticated in vitro models, to further understand the
cell—cell and cell- environment cardiovascular mechanisms
leading to cardiac disorders such as arrhythmia, contractil-
ity issues, hypoxia resistance, and sensibility by accurately
reproducing the cardiac tissues in three dimensions.

Bone Applications

Today, bone tissue regeneration has proven to be a major
public health problem, and many diseases that cause bone
loss affects an increasing number of patients due to the aging
of the population [151]. Although there is a wide range of
therapeutic approaches, all have limitations, such as pain,
infections, and morbidity. The major impediment is the
insufficient perfusion of bone grafts or bone substitutes,
which leads to graft failure [152, 153]. This is an explana-
tion of why bone repair, especially in cases of critical size
defects, is still a crucial challenge. There have been multiple
approaches proposed for enhancing the microvascularization
of tissue-engineered constructs [154].

It's possible to use synthetic or natural biomaterial scaf-
folds to promote bone injury healing, but these scaffolds
lack the osteogenic, osteoinductive properties that can be
achieved through bone autografts [155]. From this perspec-
tive, several studies have investigated this problem, specifi-
cally on the improvement of vascularity and several bio-
logical functions, using LIFT bioprinting, with the aim of
promoting bone regeneration [156].

Using the LIFT technique, Catros et al. printed human
osteoprogenitors (derived from human bone marrow stoma
cells) to create two- and three-dimensional composite struc-
tures, thus demonstrating that LIFT preserves nHA func-
tionality and cell proliferation and differentiation properties
post-bioprinting [157]. The same group did demonstrate
the feasibility of adapting the laser workstation for in vivo
bioprinting, by transferring nHA particles directly onto
a mouse bone calvarias defect [163, however bone repair
was not stable, probably due to displacement of the printed
material after surgery. Gruene et al. demonstrated that MSC
differentiation into osteogenic and chondrogenic lineages
was preserved when embedding them in a thin matrix bio-
material (plasma and alginate). They then developed three-
dimensional constructs that produced autologous bone and
cartilage tissue grafts after being cultured for 2 weeks, ena-
bling their transplantation into animals [81].

In conclusion, LIFT bioprinting could have potential
applications in orthopedic and dental tissue engineering,
allowing the bone structure to be reproduced with the highest
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Fig. 11 a Schematic representation of laser bioprinting setup. BObservation of printed patterns of human MSC and HUVEC on cardiac patches
24 h after bioprinting. cPatch implantation in vivo in a rat infarction model [149]

possible accuracy. It is imperative to better understand the
cooperation between vascular, osteoblastic, osteoclastic, and
neural cells at a cellular level, while at a tissue level; bone
organization differs from periphery to center. Ossification
differs between endochondral and membranous bones, and
reproducing an embryonic environment is critical for opti-
mal bone healing. This technology has the potential to lead
to the development of personalized bone models based on
ossification and healing types. Additional cell types, such as
nerve cells, can also be added to the model to produce more
elaborate models.

Conclusion

The review encompasses the concept of LIFT bioprinting,
the technical specifications of this technique, and its wide
range of applications in research areas. LIFT bioprinting is
currently in its early stages of development and has produced
a number of impressive results. This versatile technique can
accurately reproduce in vitro the microenvironment of cells

@ Springer

and the micro-architecture of native tissues, making it an
exciting tool for fundamental research, tissue engineering,
and regenerative medicine applications. In forthcoming
years, advances in technology (robotics, automation, bio-
logical and material discoveries) could allow for the transi-
tion of LIFT technology from the bench to the bedside.
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