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Abstract

Next generation engineered tissue constructs with complex and ordered architectures aim to better
mimic the native tissue structures, largely due to advances in three-dimensional (3D) bioprinting
techniques. Extrusion bioprinting has drawn tremendous attention due to its widespread
availability, cost-effectiveness, simplicity, and its facile and rapid processing. However, poor
printing resolution and low speed have limited its fidelity and clinical implementation. To
circumvent the downsides associated with extrusion printing, microfluidic technologies are
increasingly being implemented in 3D bioprinting for engineering living constructs. These
technologies enable biofabrication of heterogeneous biomimetic structures made of different types
of cells, biomaterials, and biomolecules. Microfluiding bioprinting technology enables highly
controlled fabrication of 3D constructs in high resolutions and it has been shown to be useful for
building tubular structures and vascularized constructs, which may promote the survival and
integration of implanted engineered tissues. Although this field is currently in its early
development and the number of bioprinted implants is limited, it is envisioned that it will have a
major impact on the production of customized clinical-grade tissue constructs. Further studies are,
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however, needed to fully demonstrate the effectiveness of the technology in the lab and its
translation to the clinic.

Keywords

Bioprinting; biomimetic; bioink; microfluidics; tissue engineering

1 INTRODUCTION

The increasing demand for tissue graftsl:~31 and organ repair and regeneration[4>I have led
to the development of three-dimensional (3D) bioprinting as a new modality for fabricating
viable tissue constructs.[6-11] Three-dimensional bioprinting is an additive manufacturing
process where cell-laden structures are laid down in a layer-by-layer fashion to obtain 3D
tissue structures.[12] To achieve this, various types of 3D bioprinting techniques have been
developed, such as microextrusion,[13-15] inkjet,[16-18] |aser-assisted[19-21] and
stereolithographic (SLA) printing methods.[22-24]

Microextrusion bioprinting is one of the most common types of additive manufacturing
techniques,[25] in which cell-laden bioinks are dispensed through a nozzle or syringe to form
filaments, fibers, or droplets and make layer-by-layer cell-laden scaffolds.[26]
Microextrusion relies on the application of force to dispense the biomaterial from the
syringe or nozzle.[27] Microextrusion bioprinters can print a wide variety of materials with
different viscosities.[28] Bioink properties and viscosity play an important role in the
resolution and accuracy of printing. However, other parameters, such as printing speed,
dispensing pressure or mechanical force, and distance should be taken into an account.[13.26]
Microextrusion bioprinting has the advantage of printing constructs with high cell density in
a controllable manner under physiological conditions. The diameter of the nozzle is another
factor that may significantly govern cell viability. For instance, the viability of bovine aortic
endothelial cells encapsulated in collagen for 250 um and 90 pm diameter nozzles were
found to be 86% and 46%, respectively.[13]

Inkjet printing is considered an important type of printing of living cells as droplets.[291(30]
Inkjet-based printers can utilize thermal, electromagnetic, or piezoelectric forces to deposit
droplets of a bioink onto a substrate. To control the size of the droplets, parameters, such as
ultrasound duration, amplitude, and pulse can be adjusted. Inkjet printers have widely been
used due to their relatively low cost, high speed, and convenience. However, the application
of this technique compared to other techniques has been limited due to limited cell viability
as a result of cell exposure to thermal and mechanical stress, nozzle clogging, and non-
uniform droplets.[28:31]

Laser-assisted bioprinting is mostly used for high-resolution patterning of bioinks. In this
technique, bioink is projected from a film to the depositing stage by using a laser beam as a
driving force to trigger the droplet release. [32-341 A laser pulse evaporates the bioink,
creating an expanding bubble followed by jet formation and finally deposition of a droplet
onto the receiving substrate. The resolution of this technique can vary with changing
parameters, such as viscosity, printing speed, pattern topology, and laser pulse energy.[35.36]
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One of the main advantages of this method over other types of bioprinting is its high
resolution and accuracy of the printed pattern.[34] In addition, cell loading capacity in this
method is comparable to microextrusion-based bioprinting method.[371 However, preparing
each ribbon for each type of biological agent is time-consuming and challenging in case of
printing with multiple cell lines.[38]

Stereolithography (SLA) is a nozzle-free bioprinting technique in which ink is solidified
using an ultraviolet (UV) light or a laser beam over a liquid polymer. In SLA, there is a
micromirror array that can selectively adjust the light intensity to polymerize the bioink.[39]
SLA printing has high accuracy and precision fabrication that can print light-sensitive
bioinks.[40] However, there are some limitations for the use of SLA bioprinting, such as the
limited number of biocompatible materials available for the SLA bioprinting, time-
consuming UV crosslinking process, which can be harmful to the incorporated biological
components.[40.41]

These bioprinting methods have been used to fabricate various types of tissue constructs,
such as cardiac,[42-44] vascular,[45-47] musclel#8-511 and cartilage.[52-55] However, these
tissue constructs often fall short of being completely functional after their fabrication. Three-
dimensional bioprinted constructs should recapitulate as much of the native tissue function
as possible. It should be noted that native tissues consist of matrices comprised of various
phases of fibrous and fluid materials.[56-58] These tissues also have different types of cells
that are organized in specific patterns to form structures, such as vessels, lymphatics, nerves,
parenchymal, and stromal elements. To mimic the native tissue, chemical and mechanical
properties of the 3D tissue constructs should mimic the characteristics of the native tissues.
A gradient of cell types, biomolecules, and other structural and compositional components
also needs to be developed in certain types of bioprinted tissue constructs.[>°] To address
these demands, precise control of shape, flow, and composition of cell-laden fibers during
bioprinting is needed. Therefore, methods that allow more precision and control over the
organization of materials, cells, and biomolecules in the resulting 3D constructs are needed
to accurately mimic the composition of the native tissues.

Recently, microfluidic-based bioprinting technique has been introduced. In this technique,
the integration of microfluidic systems with traditional extrusion-based bioprinting
facilitates tuning the structural and compositional properties of tissue constructs during the
printing. Microfluidic fabrication techniques[89-62] enable the control of minute amounts of
liquids[®3-65] cells(66:671 and molecules.[68.6% |t is also possible to empower these systems
with various control tools, such as valves!’%-72] and sensors.[73-73] |t was demonstrated in
several studies that microfluidic devices can be used to produce fibers using wet-spinning
technique.[”6-78] The latter technique can also be used in 3D bioprinting.[79.8%] Microfluidic-
based 3D bioprinting systems can be used to control cell and molecule deposition, flow,
mixing, and gradient building in the resulting 3D structures. Recent studies reported the
production of structures, such as fibers,[81-83] hollow structures84-86] and various other
combinations by using microfluidics-based methods.[87-89] These developments represent an
early step towards adding incremental complexities to 3D bioprinted constructs to make
biomimetic tissues and organs.
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With this in mind, in this paper, previous reports on the development and application of
microfluidics in 3D bioprinting are reviewed and current challenges and future directions are
presented. In particular, recent advances of extrusion-based 3D bioprinting combined with
microfluidic platforms to fabricate tissue constructs are discussed. Finally, obstacles for the
translation of such studies to the clinic are described.

2 EXTRUSION 3D BIOPRINTING

2.1 Basic principles

In the last few years, extrusion-based 3D bioprinting has rapidly become one of the most
popular approaches in biofabrication.[26:99-92] Current extrusion-based 3D bioprinting
strategies can be divided into four different groups: i) direct ink writing (DIW), ii) co-axial
printing, iii) coagulation bath printing, and iv) free-form reversible embedding (Figure 1).
The need to develop different techniques has been driven mostly by limited crosslinking
strategies for biomaterials. In general, the crosslinking should be rapid and cell-friendly to
guarantee a preserved shape of printed objects and avoid a detrimental collapse of the
extruded structure.[93-99]

DIW is one of the first methods that has been developed. This method is based on the
extrusion of a highly viscous ink, which show shear-thinning property in many cases.[96-99]
In this process, an external force is applied to the cartridge in which the bioink is stored,
pushing the bioink to flow through the needle. Upon extrusion, laid hydrogel struts rapidly
recover their initial viscosity and stop to flow. This approach has received a huge interest
because the shear-thinning property allows an efficient and controllable deposition of bioink.
Additionally, one can tune the rheological behavior of bioinks simply by adjusting the
concentration of the bioink components [100-102] or formulating complex biopolymer blends.
[86,103,104] However, tuning the rheological behavior of a bioink remains a challenge.
Bioinks should be formulated to achieve both high printing resolution and cell viability.
These features are often hard to achieve. Thus, further attempts are being made to optimize
bioink formulations.

In addition to DIW, researchers have developed another extrusion strategy based on the use
of co-axial extruders.[82:105-109] Thjs strategy has attracted much attention as it offers
several advantages, including high printing resolution and accuracy and the possibility to
process several biomaterials and modularity.[119] This printing strategy consists of delivering
bioink and a crosslinking solution separately through inner and outer nozzles. In the case of
the multi-axial nozzle, the outermost nozzle is used to deliver a crosslinking solution, while
the inner nozzles deliver one or more bioinks or templating solutions.[92] In particular, this
technique decouples the printing accuracy from bioink rheological behavior.[111:112]

Another approach consists of extruding a bioink directly into a coagulation bath that triggers
its gelation.[113.114] Despite the apparent simplicity, this approach has several disadvantages
that have limited its use. A major problem is the clogging of bioinks in the nozzle due to the
rapid diffusion of the coagulation solution.[2] The lack of proper adhesion between
consecutive layers in the 3D construct is another challenge. This often leads to structural
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instabilities that limit the application of bioprinted materials.[11%] Furthermore, it requires
rapid bioink gelation. However, this strategy offers high flexibility in material selection.[92]

A more sophisticated approach for extrusion bioprinting involves free-form reversible
embedding, which consists of extruding bioink into a pseudoplastic or granular bath.[116-118]
In this case, the rheological properties of the bath solution are of great importance. The bath
solution generally contains nano- or microparticles that are used as additives to tune the
rheological behavior of the bath solution to ensure the bioink stability after extrusion. Such a
strategy has been used so far only in a few recent studies!*16-118] and continues to attract
more attention due to the aforementioned potentials offered in terms of materials selection
and tunability. The major drawback of this approach, however, is related to the removal of
bath solution from printed structures by which some changes may be applied to the printed
geometries.

2.2 Applications

2.2.1 Skeletal muscle tissue engineering—Skeletal muscle contains long
multinucleated fibers that are located parallel to each other. As an alternative to the use of
autologous muscle tissues to treat volumetric muscle loss, engineering skeletal muscle tissue
is required.[119] Engineered constructs need to mimic the function and properties of native
tissue. In particular, one should recapitulate the anisotropic, highly-aligned architecture of
muscle fibers. To this aim, 3D bioprinting technologies seem to be an ideal candidate as they
enable us to precisely fabricate such biomimetic structures.[120.121] |n addition, engineered
muscle tissues can be used as drug screening models.[122] Kim et a/. developed a multilayer
skeletal muscle construct composed of spatially controlled and aligned myofiber bundles
through a method called integrated tissue-organ printing. In their proposed method, human
muscle progenitor cells-laden hydrogel as bioink, acellular gelatin hydrogel as a sacrificial
layer, and poly(e-caprolactone) (PCL) polymer as supporting material were bioprinted
through extrusion-based technique.[123] The biofabricated skeletal muscle tissue resulted in
82% recovery of tibialis anterior muscle defect compared to normal tissue, eight weeks after
the implantation in rats. In another study, Choi et a/. developed a decellularized skeletal
muscle extracellular matrix (ECM)-based bioink for skeletal muscle fabrication.[5%1 This
bioink could support fabricating 3D structures for skeletal muscle tissue with high cell
viability, differentiation, maturation, and contractility. The results revealed uniform
distribution of cells with high cell viability (>90%) 24 h after printing showing
biocompatibility of the bioink. This bioink could also mimic the native muscle tissue
structure and function, which makes it a promising biomaterial for muscle tissue
regeneration. To study cell alignment for developing biomimetic skeletal muscle constructs,
Mozetic et al. reported the use of direct writing bioprinting method for meticulously print
structures made of Pluronic/alginate-based hydrogels.[48] Extrusion bioprinting with a
pneumatic dispensing syringe was used and the constructs were crosslinked in calcium
chloride. Due to shear stress-induced during the bioprinting process, C2C12 murine
myoblasts were aligned along the printing direction just after printing and highly elongated 7
days after culture, with cell viability of over 85%. Despite the partial cell alignment
achieved and the increased expression of some myogenic genes, after 21 days of culture, a
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limited number of cells underwent myogenesis with the scarce formation of multinucleated
myotubes most likely due to the Pluronic/alginate inert matrix.

2.2.2 Cardiac tissue engineering—Cardiac tissue engineering aims to develop 3D
tissue constructs that can mimic cardiac tissue structure and function. Cardiac muscle tissue
is a striated tissue composed of branched fibers (cardiomyocytes (CMs) with a single
nucleus) connected by intercalated disks. The development of a 3D and functional cardiac
tissue construct with a native-like tissue matrix, the high population of cells, and rich
vascularization that can guarantee a stable and functional contractile tissue is quite
challenging.[124] A growing body of research has focused on untangling these challenges by
implementing extrusion 3D bioprinting techniques.

Three-dimensional cardiac tissue constructs can be obtained by using 3D printing of
biomaterials combined with appropriate cells. For example, Gaetani et a/. bioprinted
cardiomyocyte progenitor cells/alginate constructs with various concentrations of sodium
alginate (5%, 7,5%, and 10%).[225] The final 3D printed cardiac tissue construct contained a
homogenous distribution of the cells. Higher values of alginate content (7.5% and 10%)
resulted in the formation of more structurally stable constructs due to higher viscosity of the
bioinks. The cell viability of 92% and 89% were obtained after 1 and 7 days of culture,
respectively. In another work, Zhu et al. developed a bioink of gelatin methacryloyl
(GelMA)-coated gold nanorods (G-GNRs) combined with alginate hydrogels, cardiac
fibroblasts, and CMs for bioprinting of 3D cardiac tissues.[198] Introducing GNRs in the
bioink not only facilitated the printability due to the shear-thinning effect, but also promoted
cell to cell interactions, mitigated overproliferation of cardiac fibroblasts, and led to the
synchronized contraction of the tissue. The bioprinting process included co-axial extrusion
of the bioink and CaCl, through internal and external needles of the nozzle followed by UV
light exposure for covalent crosslinking of GeIMA. Printing speeds of 5 and 10 uL/min
resulted in cell viability of over 70% when the UV light exposure was below 30 s, while
higher printing speeds or longer periods of UV light exposure led to decreased cell viability.
In another study by Jang et al., stem cell-laden bioinks of heart decellularized ECM (dECM)
were developed and used for extrusion-based bioprinting of pre-vascularized 3D tissues that
can mimic the cardiac microenvironment.[126] Multimaterial bioprinting of pre-vascularized
constructs was enabled by two robotic microextrusion printheads for printing various bioinks
laden with different cell types. Alternative printing of cardiac progenitor cell-laden bioink
and mesenchymal stem cells (MSCs)-laden bioink patterns were implemented. It was
supposed that the patterned pre-vascularized patch can promote vascularization and enhance
cardiac function upon transplantation.

2.2.3 Tubular/vascularized tissue engineering—The cardiovascular system is the
first system that develops in embryo and plays an important role in oxygen and nutrient
delivery to organs and tissues. Vascularized network in the human body develops through
two processes (i) vasculogenesis and (ii) angiogenesis. Vasculogenesis is the process of de
novo blood vessel formation by endothelial cells (ECs), while angiogenesis is the formation
of blood vessels from existing vessels.[127:128] Recently, a growing body of literature has
emerged around constructing 3D vascularized tissues that try to mimic the native
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vascularization system. For example, Norotte et a/. used micropipettes of 300 and 500 pm
diameter to produce smooth muscle cells (SMCs) and fibroblasts containing pellets for
extrusion bioprinting of spheroids and cylinders that were used to construct tubular
structures in a layer-by-layer fashion.[12%] They also used agarose rods as templets (0.9 to
2.5 mm in diameter). The fusion of bioprinted cellular units occurred and branched tubular
structures having multiple layers were obtained (Figure 2A).

To engineer a blood vessel-like structure, Skardal et a/ used microcapillary (inner diameter
of 500 um) tube-style bioprinting of fibroblast-laden filaments.[130] Tetra polyethylene
glycol (PEG) was converted to tetra-acrylate derivatives and used for rapid crosslinking of
thiolated hyaluronic acid (HA) and gelatin derivatives (in 10 min). Filaments were printed in
a layer-by-layer fashion to form tubular blood vessel-like constructs by using cell-laden
filaments and acellular agarose filaments (Figure 2B). After four weeks in culture, there
were only a few dead cells. It was thought that using this 3D bioprinting method it can be
soon possible to develop functional blood vessels. In a study, hollow fibers were produced
and then embedded in multilayer hydrogel to form perfusable constructs, where a pressure-
assisted co-axial fabrication system was used.[231] In this study, authors developed cartilage
progenitor cell-laden alginate microfluidic channels with an average inner diameter of 135
um. When the constructs were perfused, there was no blockage or swirling observed (Figure
2C). They suggested that nanofibers can be used to reinforce the channels and improve their
mechanical properties. They have also suggested blood vessels can be engineered using
triaxial system, SMCs, and ECs. Constructs having perfusable alginate hollow fibers
embedded in alginate gel were developed by Zhang et a/. using co-axial pressure-assisted
robotic system (wall thickness of 200 pm).[£32] Hollow fibers were also developed using
chitosan but they were found to be fragile. Increasing dispensing rate of the bioink resulted
in the formation of enlarged channels and thicker walls, while increasing the crosslinker
flow rate resulted in increased channel diameter. Cells were uniformly distributed in the
channels. Authors suggested to use SMCs and ECs to engineer blood vessels in future.

Jia et al. provided a 3D bioprinting vascular network by employing an extrusion bioprinting
system to print a perusable structure in a highly organized structure.[86] The cell responsive
bioink was developed with a combination of GelMA, sodium alginate, and 4-arm PEG-tetra-
acrylate (PEGTA). The co-axial extrusion system was used to fabricate the vasculature
network. This printing strategy with tunable bioink properties was used to print vasculature
structure with different diameter, geometry, and shape. The fabrication mechanism involved
two crosslinking processes for the developed bioink. The optimization process revealed that
7% (w/v) GelMA concentration has the best cell responses, 3% (w/v) alginate can improve
the printability of bioink and the maximum of 2% (w/v) PEGTA can enhance the mechanical
strength of the structure. Human umbilical vein endothelial cell (HUVEC) and MSC cell-
laden bioinks were used to produce hollow tubes with an outer diameter of 500-1500 pm, an
inner diameter of 400-1000 um, and thickness of 60-280 um.

The ability to construct vascular channels on a large scale mimicking the native vasculatures
is critical and important for the clinical application of any engineered tissue. To address the
survival and proliferation of larger tissues, Lee et al. reported a capillary network and
connecting to vascular tissues that can contribute to tissue viability and growth.l471. The
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microvascular network was formed by EC and fibroblast embedded in fibrin gel between
two larger vessels with a size of 0.5—- 1 mm. In a study by Gao et al., hollow filaments of
calcium alginate loaded with fibroblasts were 3D printed layer-by-layer structure using a co-
axial nozzle.[133] By tuning the concentration and flow rate of the bioink, crosslinking time,
high-strength 3D structures were obtained. The hollow microchannels within the construct
improved oxygen and nutrient supply to cells residing in the construct, and thus cell viability
was improved. In this study, cell viability was 67 + 4% after 7 days when utilizing the 3D
alginate scaffolds with hollow fibers, which is higher than that observed using solid fibers
(50 + 1.6%) after 7 days.

2.2.4 Osseous and chondral tissue engineering—Bone is a highly vascularized
tissue. Cortical bone is formed of parallel cylindrical units or osteons where each osteon
includes a central canal surrounded by concentric rings (lamellae). Bone cells in osteons
(osteocytes) exist in free spaces between these rings called lacunae. Bone connects to the
cartilage at joint ends. Cartilage is a tough connective tissue that is more flexible compared
to the bone. Articular hyaline cartilage lacks blood vessels, lymphatics, and nerves. The
native cartilage is transited to the bone in a gradient way.[234] Shim et a/. employed a multi-
head bioprinting system for constructing 3D porous osteochondral tissue.[13%] The integrity
of the 3D tissue was maintained through printing a framework of PCL surrounding the
construct. The PCL was dispensed in the form of a porous framework and two bioinks of
alginate loaded with osteoblasts and chondrocytes were sequentially bioprinted in the pores.
Osteoblasts and chondrocytes showed the viability of 95% and 93%, respectively, after 7
days post-printing. In another study, Kesti et a/. developed a chondrocytes-laden bioink
consisted of gellan, and alginate integrated with the cartilage ECM particles.[13¢] The bioink
was extruded sequentially with the help of polymeric support to maintain the structural
integrity of the overhanging regions. The proposed printing process included: 1) Loading the
bioink and polymeric support (mixed with small amounts of cations) in separate syringes
and extruding sequentially, 2) Diffusion of the cations from the support material to the
periphery of printed construct where crosslinking is initiated, 3) Cell-friendly crosslinking of
the final construct through immersion in a 4°C medium (containing cations) along with
removal of the support. An adult nose-shape construct was bioprinted with this method, and
it showed a cell viability of 96% in the periphery and 60% in the center of the construct 7
days after bioprinting.

2.2.5 Skin—Skin, as the largest organ in the human body, serves as a physiological
barrier that protects the internal organs from the external physical and chemical threats. It
consists of three main layers, including the epidermis, dermis, and hypodermis that contain
nerve and blood vessels. The epidermis consists of keratinocytes that form a stratified
epidermal cell layer which plays an important role in protection by acting as a physical
barrier. The dermis consists of two layers of interconnected collagen and elastin fibers along
with dermal fibroblasts. The last and deepest layer of skin, the hypodermis, is made of
vascularized adipose tissue. 3D bioprinting technologies hold promising potential for
creating skin tissues due to the highly organized, layer by layer structure of human skin. Shi
et al. developed a collagen and GelMA-based bioink with two steps crosslinking for
extrusion bioprinting of skin scaffolds. The bioink (GelMA 5% w/v and collagen 8% wi/v
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with various ratios of tyrosinase) was mixed with human melanocyte cell line (HEM),
human keratinocyte cell line (HaCat), and human dermal fibroblast cell line (HDF). A 200
4m nozzle and the pressure of 0.8-1.2 bar were used during bioprinting. This study
demonstrated that tyrosinase can increase HEM proliferation while inhibiting HDF growth.
Moreover, tyrosinase showed no significant effect on the growth and activity of HaCat cells.
(1371 Admane et a/. produced a human skin model with similar thickness to the human skin
by an extrusion-based bioprinter to understand cell signaling pathways for drug screening
applications. This work fabricated a dual-layered skin of epidermal and dermis layers. A 5%
wiv silk fibroin and 5% gelatin bioink were used to print a 14 layered dermal structure with
the optimized parameters and the epidermal layer was printed after day 3 to mimic the
structure of human skin. The printed scaffold demonstrated the biochemical and mechanical
properties of human tissue. In addition, keratinocytes in the epidermis layer construct
showed migration of these cells between scaffold pores. Proteomic and transcriptomic
analysis in this study revealed the similarity between signaling pathways in 3D printed skin
models and human skin.[138] Finally, Jorgensen et a/. demonstrated a tri-layer bioprinted
skin model composed of human keratinocytes, melanocytes, fibroblasts, dermal
microvascular endothelial cells, follicle dermal papilla cells, and adipocytes using a
fibrinogen bioink to mimicking human skin. The bioprinted model was evaluated in terms of
forming the epidermal barrier and collagen remodeling to be used as a graft for wounds. The
results of this study showed an increase in wound closure by epithelization and advancing
epidermal barrier integration followed by collagen remodeling. The proposed methods in
human skin bioprinting could be utilized for treatment of full thickness wounds to
recapitulate human skin. [139]

2.3 Limitations

Extrusion 3D bioprinting techniques are powerful tools for the engineering of constructs that
can closely resemble the native tissues.[10.28.140] However, these methods suffer from some
disadvantages and they pose challenges. The first and major drawback is the limited number
of biomaterials available for bioink formulation.[13.95] Therefore, in order to improve the
performance of 3D bioprinted constructs and printing capacity, researchers have to: i)
formulate new blends out of available biopolymers141-1431 ji) include additives (e.g.,
particles and fibers) in the bioink formulation or introduce new groups via chemical
modification[%4.144.145] ‘and iii) develop new 3D bioprinting and crosslinking methods.
However, improving the printability of ink generally implicates a decrease in cell viability
and matrix suitability for cell proliferation, spreading, and maturation. Another common
issue is related to the limited degree of biomimicry of currently developed bioinks. These
bioinks often contain synthetic (e.g., Pluronics(246-148]y or natural polymers (e.g.,
alginatel14%-1511 and chitosan[152-154]) that are not found in the native ECM and thus
bioprinted constructs are not capable of remodeling. The ECM plays a key role in tissue
regeneration by directly modulating cellular response and behavior.[155-157] Thus, bioinks
should also be formulated to mimic the native ECM to prompt rapid and efficient feedback
from the contained cells. Towards this direction, some studies have used dECM as bioinks.
[50.158.159] However, additional work is required to improve dECM mechanical properties
and stability as it tends to rapidly degrade during culture.[169] Another important issue that
still has to be addressed is how to enable the simultaneous deposition of multiple cells and
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biomaterials to fabricate complex and heterogeneous structures[61]. This feature is essential
to mimic the structural organization of the native tissues and to recapitulate their
functionalities /n vitro. In the past few years, an increasing number of studies have partially
addressed this topic.[195:162-164] However, printing resolution (~0.1-1 mm)[13.165] and
structural complexity of the printed structures are not quite satisfactory and a great deal of
work is still needed.

New printing techniques should be developed to increase the accuracy of cell and material
deposition. Moreover, the typical printing speed of extrusion bioprinting systems is in the
range of 10-50 um.s~1, which is lower than that of other 3D bioprinting systems, such as
drop-on-demand bioprinting (1-10000 (droplet/s)) and laser bioprinting (200-1600 mm.s™1).
[166] The bioprinting speed is a key important parameter for future scale-up of technologies
and obtaining engineered constructs in clinically-relevant sizes.[11%] Finally, the high volume
of bioprinted constructs will require addressing a well-known tissue engineering problem,
the integration of a functional vasculature within the bioprinted constructs.[115167] Despite a
number of studies have addressed this challenge[168-1701 3 reliable strategy is still lacking,
especially for the manufacturing of microvascularized system.[167]

2.4 Recent advances: integration of microfluidic techniques

Extrusion 3D bioprinting technique remains as one of the most popular strategies in 3D
biofabrication[171] and researchers are constantly improving this method. One of the main
recent advances in the field is the integration of microfluidic systems to extrusion 3D
bioprinters. [79:80] Such devices represent a breakthrough, as they enable: i) a precise
manipulation of volume of bioinks to be extruded[161], i) simultaneous extrusion of multiple
inks through the same nozzle (thus allowing to fabricate heterogeneous structures that can
better mimic the native ECM and cellular organization)[115:161] and iii) possibility to create a
priori complex bioink patterns051111 graded [172] or layered structures(®5:109] that can be
precisely laid down as fibers thanks to low Reynolds number that prevents bioink mixing.
All these advantages have brought new potentials for enabling the fabrication of advanced
constructs. The complexity of bioprinted structures have been greatly increased when
compared with conventional extrusion bioprinting systems, and thorough studies are
required to exploit the full potential of these systems. However, in order to transfer the
results from laboratory to clinic,[173] such advances should be accompanied by an
improvement of bioink formulation and reduction of printing time.

3 MICROFLUIDIC BIOPRINTING

3.1 Basic principles

Microfluidic devices allow bioprinting with highly precise control over small amounts (10~°
to 10718 L) of fluids through designed channels that are in the scale of tens of micrometers
in diameter. This enables a supreme control over fluid in space and time. Microfluidic chips
include mainly channels and fluid reservoirs, which reduce manufacturing cost, disposal,
chemical reagent consumption, and analysis time. Microfluidic chips have found many
applications, such as molecular analysis, separation, diagnosis, as well as drug discovery and
development. Their control overflow and capability of mixing cells with bioinks in a
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controllable manner make the use of microfluidic systems an attractive tool to integrate into
3D bioprinting technology. [174-176]

In microfluidics-assisted 3D bioprinting, fluid bioink is flown through microchannels
(Figure 3 and Figure 4A, B), which allows control of flow,[79:80.177] switching[8%] and
mixing of components, 181781 in a precisely-controlled manner.[179.180] Moreover,
microfluidic bioprinting is associated with reduced shear stress during the process. This can
be attributed to the sheath flow surrounding the laminar core.[181] |n addition, efficient
control of morphology,[182] dimensions,[282] and direction of produced objects can be
achieved. When combined with extrusion bioprinting, microfluidic processing can improve
the resulting resolution of the printing procedurelX12] beyond the current resolution of
microextrusion (~50 pm).[%1]

3.2 Technique

Bioink, the basic cell-laden biomaterial used when 3D bioprinting, is prepared in a fluidic
form and then fed into printer either in one mixture or separate portions with a cross-linker
that are mixed in the printing device or at its nozzle. Moreover, a multi-nozzle system can
also be used in microfluidic bioprinting. Bioinks may also be extruded separately, and then
combined after they exit from independent orifices, to produce structures having core-shell
composition.[183] Although different approaches of microfluidic bioprinting were developed
by different groups[18.80.189,112,129,181,184-188] fyrther improvements in the efficiency of
bioprinting processes are still needed. In microfluidic printing, a T or Y chip can be used for
feeding multi-materials into the printing head (Figure 4A).[184] Two opposed syringe pumps
can be alternately used for pushing inks through two channels into a single nozzle, to print
constructs having a sharp transition between different constituent materials. Table 1
summarises various designs of the microfluidic channel and needle-based production of
microfibrous structures. Beyer et al. demonstrated the first complete 3-axis multimaterial 3D
bioprinting system utilizing co-axial flow-focusing with integrated valves in disposable
polydimethylsiloxane (PDMS) printheads and crosslinker removal (Figure 3).[7980] The use
of integrated microfluidics enables on-the-fly switching between cell/hydrogel sources and
control over flow rates in the crosslinker. Multiple channels enable on-the-fly modulation of
fiber diameter and abrupt switching between cell-laden and cell-free regions. Custom slicing
algorithms enable inter-layer and intra-layer material switching and creation of complex
patterns within layers and across 3D constructs. Angelozzi et al. found that the use of two-
inlet, snake-like micromixing chip is more efficient in bioprinting homogenous distribution
of cells within osteoblast-laden alginate microfibers.[181] Alternatively, the use of straight
channels was found to lead to the segregation of cells along one side of resulting fibers due
to the dispersion of particulate matter occurring in the laminar flow of microfluidic devices
(Figure 4B). In one study, Nie et al. demonstrated the use of capillary co-axial microfluidic
bioprinter for the production of porous 3D structures.[82] In the latter work, alginate
hydrogel was loaded in the printer and crosslinking solution (CaCl,) was employed in the
sheath fluid. At first, the vacuum was set to a high level, and the 5-6 bottom layers were
printed as sacrificial layers for a better resolution printing of the final construct on top of
that, with the vacuum set to its low level. This technique offers 10 times faster printing
compared to systems, which are capable of 3D printing at the same resolution. The co-axial
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system is useful for processing polymers that have slow gelation, such as the ECM proteins,
and hence they cannot be printed directly in one phase by microfluidic bioprinting.[19 |n
such cases, a co-axial processing method can be used to develop core-shell fibers that can
maintain fiber integrity by forming a shell formed by faster gelling calcium alginate.[191]
This allows sufficient time for the ECM proteins, such as collagen and fibrin to become a
gel. Afterward, alginate can be selectively removed by using alginate lyase. Gelation of core
pregel can be achieved by incubation at 37 °C for collagen and treatment with thrombin for
fibrin inside the calcium alginate shell. Using the core-shell method, microfibers loaded with
various types of cells including fibroblasts, myocytes, ECs, nerve cells, and epithelial cells
(in the core) could also maintain their shape after shell removal. It was also observed that the
initial ECM proteins were gradually replaced by newly cell-laden ones.[19] Table 2
summarizes various types of cells used in microfluidic bioprinting. Not only the cells, but
also particulate elements may be included in bioprinted fibers, such as carboxylate, silver
nanoparticles,[182] or particulate ECM.[81] Furthermore, a gradient of cells, biomolecules,
and biomaterials can also be built using microfluidic bioprinting.[192]

Using microfluidic systems, not only cell-laden microfibers but also few!193] to one cell
encapsulation,[186.194,195] or microniches[194] can be produced (Figure 5A and B). Microgel
encapsulation was found to prolong the residence of injected cells and soluble factors /n
vivo.19] Using this strategy, tissues can be built up block by block, in a controlled fashion.
[186,194,195] By emulsifying an MSC and chondrocyte containing photo-crosslinked
poly(ethylene glycol) diacrylate (PEGDA) prehydrogel in an oil phase using a microfluidic
flow-focusing device and then crosslinking, droplets containing coated single cells were
produced and subsequently used for microextrusion (Figure 5C).[18¢] Fast on-chip
stabilization was used for preventing droplet coalescence. Moreover, cell viability was more
than 70%. Microgels were incorporated into other biomaterials to produce macroconstructs.
For example, they were incorporated into alginate/GelMA mixtures by using 3D printing.
Uniform distribution of microgels was observed. In one study, MSCs and ECs were
encapsulated into a proangiogenic fibrinogen material and subsequently cultured for one
week.[188] This resulted in the formation a vascularized construct. Although, microfluidic
3D bioprinting can be used to produce objects of various shapes, we will focus in the
following sections on 3D printing of constructs that are formed by controlled deposition of
objects to build multilayer complex structures.

3.3 Applications

3.3.1 Skeletal muscle tissue engineering—Many studies have focused on the
fabrication of 3D tissue constructs laden with myoblasts to mimic the native skeletal muscle.
[50.196] | 3 study by Costantini et a/, muscular tissue composed of myofibers was obtained
by the use of co-axial microfluidic extrusion of muscle precursor cell-laden aligned fibrous
constructs. Alginate and fibrinogen-PEG were used as bioink. The constructs were
implanted in the subcutaneous tissue of immunocompromised mice to enhance the tissue
maturation. The cells proliferated in the 3D printed fibers. By the time the biomaterial
degraded, it was substituted by myotubes by 28 days post-implantation. The resulting
myotubes showed high degree of alignment, similar to that of the native muscle tissue, while
the myotubes formed in control bulk hydrogel were disordered and had entangled structure.
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It remains to examine such engineered tissue as a model for muscle tissue, e.g. for drug
testing studies.[106]

3.3.2 Cardiac tissue engineering—Although numerous studies have attempted to
develop native-like cardiac tissue constructs; developing novel bioinks and advanced
fabrication techniques are required to circumvent current challenges in cardiac tissue
engineering. Building heterogeneous 3D tissue constructs can be achieved by using low-
viscosity bioink and microfluidic bioprinting.[1611 Colosi et a/. produced a 3-mm thick
synchronously-beating cardiac tissue that was formed by seeding CMs into printed porous
EC-laden fibrous construct.l111] The construct was formed by stacked layers (7=30) of fibers
(150-300 um fiber-diameter) spaced by 200 um forming an interconnected mesh. The layers
were covalently-bonded together by using UV. The fibers were produced from alginate/
GelMA by using a co-axial needle in the extrusion system coupled with combining Y-shape
microchannel microfluidic device. Bioink (alginate, GelMA, photoinitiator, and cells) was
fed into the internal needle and crosslinking solution (CaCl,) into the external needle. The
alginate prevented spontaneous gelation of GeIMA and maintained low viscosity of the
bioink. With this technique cell viability was 80%. In this method, the EC-laden construct
was first cultured for 10 days. The cells were lined up at the periphery of fibers forming a
monolayer. Afterwards, the CMs were seeded and the construct started to beat after two
days.

Because of the importance of vascularization of constructs intended for transplantation,
Maiullari et al. developed a vascularized highly-oriented 3D cardiac tissue construct by
using a high-resolution microfluidic bioprinting method.[19%] They used ECs and induced
pluripotent stem cell (iPSC)-derived cardiomyocytes (iPSC-CMs)-laden alginate and PEG-
fibrinogen hydrogel as bioink. Vascularization was obtained from the proliferation of ECs
along the printed fibers. In another paper, a uniformly beating endothelialized myocardium
was obtained by using a co-axial microfluidic printing system.[197] The spontaneous beating
started in the constructs after 48 h. in culture (50-70/min) and it continued for 15 days.
These beating constructs were formed by seeding with iPSC-CMs into the bioprinted fibrous
structures (120 um fiber diameter), which were subsequently cultured. The CMs showed
various degrees of alignment in the scaffold. For bioprinting of fibrous constructs, Zhang et
al. used a cell-laden mixture of alginate, GeIMA, and photoinitiator (Irgacure 2959). The
bioink was delivered through the core needle while the crosslinking solution (CaCly)
through the sheath needle. The printed constructs were then kept in culture. 1t was found that
alginate dissolved and leached out from microfibers in ~5-10 days resulting in large pore
formation, which enhanced cell spreading and proliferation. The ECs formed a confluent
layer at the periphery of fibers by 15 days. Afterward, the ECs gradually broke off the fibers
and migrated out during 33-day of culture. A vascularized cardiac tissue which is capable of
beating for longer periods of time (up to 28 days) was produced by Zhang et a/. by using
microfluidic bioprinting method and two-step crosslinking.[197] First, EC laden GelMA
alginate bioinks were printed into microfibers and crosslinked ionically. Then, UV
crosslinking of the final construct was obtained. Endothelialized channels were formed after
16 days. A second cell type, neonatal rat CMs, was seeded into the space between the fibers.
Although these studies represent important steps in the fabrication of vascularized and
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functional cardiac tissue, it remains to demonstrate the functionality of the vascular tree by
testing for perfusion and integrity of vessels [28.1701. Subsequently, /in vivo studies would be
necessary to demonstrate the integration of formed vessels with those of the host and later
their use as regenerative therapeutic modality in cardiac surgical models.

3.3.3 Tubular and vascularized tissue engineering—\Vascular networks have been
integrated into engineered constructs to ensure their integration into the host tissues and
function.[112.115,167,198] One approach for developing vascularized tissue is to use sacrificial
approach materials, such as Pluronic F127,[170.199.200] g,gar,[201] carbohydrate-glass, [202]
agarosel168.203,204] or gelatin.[205] Other methods can be achieved by SLA[L1.206] or block
assembly.[1291 Pj et a/ employed microfluidic bioprinting for the biofabrication of a multi-
layered cell-laden tubular tissue construct in a single step.[8%] A co-axial nozzle system was
utilized for extruding bioink constituted of GelMA, alginate, and PEG acrylate. This could
be used to develop vascular tissues composed of SMCs and ECs, and also tubular urological
tissues by using urothelial and SMCs (Figure 6A). Bioprinted tissues showed proper
performance in terms of cell viability due to improving the fluid and nutrient supply.

Wadsworth et al. developed a contractile 3D bioprinted multilayer ring, the 3DBioRing,
from an alginate-based bioink that contained primary human airway smooth muscle (ASM)
cells (Figure 3(x)).[207.208] 2D models cultured in a standard well plate typically
demonstrate a poor contractile response to agonists as a result of the low density of cells.
However, 3DBioRing (each roughly 1 cm in diameter, created with multiple layers of
stacked ~100 um ionically crosslinked fibers) exhibited a dose-dependent contractile
response when treated with histamine (EC50 of 0.6 uM vs. 2.7 uM for human precision-cut
lung slices (PCLS)) after 3 days of culture. Furthermore, they recovered through a dose-
dependent relaxation response when later treated with salbutamol (EC50 39.3 nM vs. 40 nM
for human PCLS). The contractile rings were also placed in cryostorage for 48 hs and
continued to show a comparable contractile and relaxation response. This demonstrated the
potential to preserve 3D bioprinted tissues. Later, Dickman et a/. extended the platform to
intestinal and skeletal muscle tissues.[20%] In a study by Selvaganapathy er a., it was
demonstrated that perfused multilayer constructs have maintained cell viability, while this
was decreased in nonperfused constructs. The constructs had channels that were formed by
using co-axial bioprinting of EC-laden alginate structures.[187] The microfluidic nozzle had
a needle embedded into the L-shape channel of the printhead. CaCl, was fed through the
internal needle and bioink through the external microfluidic channel of the system (Figure
6B). This led to crosslinking of the inner surface of resulting tubules, while the outer parts of
alginate were fused with parallel tubes. Readily perfusable channels were thus, obtained. It
was also found that increasing flow rate led to increased fiber diameter. In another study, it
was also possible to fabricate multilayered tubular constructs using a blend bioink composed
of GelMA, alginate, and PEGTA to combine bioactivity, appropriate rheological properties,
printability, and mechanical strength.[8¢] The structure was perfusable and could be
maintained for 21 days. Stabilization of the resulting construct was achieved in 2-step
procedure, first by fast ion crosslinking of alginate and then for permanent maintenance of
shape by covalent photocrosslinking of GeIMA and PEGTA. This technique, when used with
needles of different sizes, produced various diameters and wall thickness. It should be noted
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that thick walls may compromise reaching oxygen and nutrients to cells, while thin walls
may not be mechanically stable or have sufficient room for cells. Thus, a nozzle having an
external needle size of 20 G and an internal needle of 30 G was used to produce vessels
having an outer diameter of 800 mm and a wall thickness of 110 mm. Alginate was removed
by ethylenediaminetetraacetic acid EDTA. Constructs having up to 10 layers and having a
size of 9x8x7 mm, were bioprinted. The constructs were subsequently incubated in culture.
Cell viability was >80% at 1, 3 and 7 days of culture for the constructs crosslinked with UV
light exposure times of 20 and 30 s. The ECs and MSCs contained in the bioprinted
constructs spread and proliferated, and they reached confluence, filling the wall and forming
an integrated vessel-like structure after 21 days in culture. After 21 days, mechanical
instability of vessels due to polymer degradation and thin walls was observed. Although this
new technique is better than conventional microfabrication or sacrificial templating
approaches that were used for producing perfusable vascular structures, designing better
bioinks is required in order to produce vessels with more stable mechanical properties,
which can be maintained for longer periods of time.

3.3.4 Osseous and chondral tissue engineering—Microfluidic bioprinting can be
implemented to fabricate tubular microfibers with double layers comprised of a thinner inner
layer and a thicker outer layer that mimic the osteon nature. A microfluidic chip was used by
Wei et al. to produce complex 3D structures composed of cell-laden microfibers.[210]
Utilizing ionic and UV crosslinkable methacrylated alginate offered both structural integrity
and biological activity to the 3D constructs. Osteon-like hollow double-layer fibers for bone
tissue engineering were obtained. They had an outer layer loaded with osteocytes for bone
regeneration and the inner layer loaded with ECs for vascularization. In another study, Liu et
al. formed cell-encapsulated microfibers that mimic the osteons using a double co-axial
microfluidic device.[211] They developed a bioink of alginate/GelMA/alginate lyase that
could be degraded over time while keeping the integrity of microfibers in the initial stages of
the printing. The microfluidic device consisted of three inlets to build the double layer
tubular microfiber. HA injected into the 15t inlet (the channel in the center of the microfiber)
shaped the tubular form of the fibers, while cell-encapsulated alginate/GelMA injected
through 2" and 3" inlets shaped the middle and outer layers of the tubular microfibers. The
double-layer tubular microfibers were laden with MG63 and HUVEC in the outer and
middle layers to mimic the cell distribution of the osteon. Gradual degradation of alginate
was found to facilitate cell aggregation and proliferation due to more room created following
the degradation of the hydrogel. Cell aggregation diameter was increased from 37.9 um to
72.5 pm and from 34.8 um to 62.5 pm (after 7 days of culture) for MG63 and human
umbilical vein endothelial cells (HUVECS), respectively. Recently, microfluidic bioprinting
has been used to create heterogeneous constructs for the regeneration of full-thickness
chondral region. In this study, Idaszek et al. have fabricated graded hydrogel scaffolds in
which human mesenchymal stem cells (nMSCs) and human articular chondrocytes (hACs)
have been precisely compartmentalized mimicking the chondral region — i.e. calcified and
hyaline cartilage — presents in the joints.[172] The extrusion system consisted of a
microfluidic device bearing a Y-junction downstream connected to a passive serpentine-
based mixing unit compatible with multi-material/multi-cellular deposition and rapid
switching/mixing among two different bioinks. By exploiting such an extrusion system in
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combination with instructive bioinks mimicking the composition of the different zones
present in the native articular cartilage, the authors showed an in vitro heterogeneous
differentiation of hMSCs within a single construct that partially recapitulated the native
chondral region when tested /n vivo.

3.3.5 Fabrication of organoids—The use of microfluidics enables also the building of
organoids.[212] Organoids were developed by coculturing pluripotent and adult cells with
matrix and biomolecules, and they were found to have autonomous self-assembly.[213]
Yamada et al. used microfluidic channels (50 mm long and 160 microns deep) to control
precise positioning of hepatocytes and feeder fibroblasts in alginate microfibers.[188]
Subsequent culture and alginate removal using alginate lyase led to the formation of
scaffold-free hepatic micro-organoids (1 mm long and ~50 pm diameter) that resemble
hepatic cords. High cell viability of ~80% over 30 days was observed. Significantly
enhanced liver function was seen up to 90 days, as compared to monoculture and single
cultivation (without fibroblasts) in hydrogel fibers (Figure 7).

3.4 Limitations

One of the challenges with the use of microfluidic 3D bioprinting is the difficulty to
maintain precision, especially at the corners of resulting constructs because of the difficulty
in maintaining smooth nonfluctuating flow and pressure in the device.[184] Thus, careful
design of hardware and bioinks is required.[214] Cell viability during the microfluidic
bioprinting can be affected by different factors, among which a key factor is the amount of
shear stress applied to cells.[215-217]

In addition, management of the sheath fluid for larger models can also be challenging. To
solve this issue, volatile fluids (e.g. Perfluoro (methyldecalin (PFD)) are used in literature.
[218] 1, this case, the volatile sheath flow evaporates just after dispensing from the nozzle
due to the high vapor pressure. In addition, flow instability may occur that disturb the
printing process when the sheath flow is quite larger than the core flow (bioink). Thus, using
the proper size of the nozzle for bioink and sheath flow is of great importance. Other than
sheath flow, crosslinking by exposing the construct to the UV light or printing in a CaCl,
bath can also be performed for some cases. However, these crosslinking techniques may be
challenging for printing tall constructs. Although using PDMS printheads in microfluidic 3D
bioprinting has eased the process, however there are some limitations. Using PDMS
printheads is limited to low extrusion pressures since the flexibility of PDMS.[218] One other
issue with PDMS-based systems is their tendency to absorb small molecules making it
difficult to control the chemical environment precisely. In addition, fabricating PDMS
microfluidic chips may require the use of multi-step photolithography processes that can be
challenging and time-consuming. One of the constraints of microfluidic 3D bioprinting is
the low throughput that can be compensated by the parallel usage of several chips.[219] In
addition, it is tough to scale up the microtissues and organoids fabricated by microfluidic 3D
bioprinting. Thus, the constructs have smaller sizes than the actual human tissue.[220]
Microfluidic bioprinting is limited to low viscose bioinks to decrease shear stress.[221]
However, microfluidic bioprinting of the fairly high viscose bioinks with shear-thinning
behavior was recently reported.[222] The dispensed material should be crosslinked at the very
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end of the nozzle to avoid clogging issues; however, there still exists a risk of clogging due
to low flow rate of bioink, highly concentrated bioink, diffusion of crosslinking bath into the
nozzle (for the cases that 3D printing occurs in the crosslinking bath), etc.[84.92] Either the
cells, the extracellular matrix, or crosslinked bioink can clog within the channel pathways.
For instance, microfluidic printheads designed for mixing a prepolymer solution with a
crosslinker are prone to early crosslinking within the fluid pathway, which can damage the
printing system. In addition, control of temperature for thermoresponsive hydrogels is hard
since the channel may expand in higher temperatures. Thus, many challenges and limitations
remain when 3D microfluidic bioprinting of complex heterogeneous constructs.

3.5 Recent advances

3D bioprinting of multiple bioinks or cell types is necessary to generate functional
constructs that mimic the actual tissues/organs.[223] In addition to the cell types and
chemical compositions, the mechanical properties and permeability of the 3D printed
constructs can be gradiently programmed to mimic the target tissues/organs.[224-228] For
instance, osteochondral scaffolds 3D printed with a gradient transition of porosity and
ceramic content mimic human trabecular bone better than uniform scaffolds in terms of
compressive properties.[22%] Simultaneous compilation of multiple types of gradients in
material composition, cell type, density, and architecture supports the development of the
next generation tissue regenerative scaffolds. Multimaterial bioprinting can be done by using
either separate independently controlled printheads, or one printhead, while a selector valve
switches the bioink on demand during the printing process.[135:170.230.231] Fast and smooth
switching between various bioinks in a precise manner is the key challenge in multimaterial
3D bioprinting techniques. Printing using a single printhead is faster[212] than with the use of
multiple printheads.[188.190.232] Using multiple separate printheads is a slow process.
Alternatively, the use of microfluidic channels allows programmed switching between
different inks,[89:214] to achieve sequential or simultaneous extrusion of different
materials[80.111.170.184] (Figure 3 and Figure 8A) or cell types!112] (Figure 8B). In addition,
microfluidic printheads were combined with extrusion printing. The opening and closing
periods of the valves define the extruded length of each bioink.[271] Microfluidic valves that
enable high-speed opening/closing of the channels are required for multimaterial
microfluidic bioprinting of complex-shape heterogeneous constructs. The precise control of
the flow rate for the bioinks with various viscosities can also be quite challenging.[23%] One
other serious consideration in multimaterial 3D bioprinting is the risk of cross-contamination
between the various materials especially when a single printhead is used.[?2] Gradient
compositions may also be obtained by the active mixing of different bioinks in various ratios
that gadiently changes through the 3D printed construct. Microfluidic bioprinting allows for
efficient mixing,[192] easy deposition of multiple materials and gradient building in the
resulting construct. In an interesting work, Ober et a/. developed a microfluidic printhead,
having an embedded rotating impeller to actively mix multiple inks (Figure 9A).[192] |n
earlier reports on cell-laden microfibers, it was anticipated that the assembly of multiple
fibers having one or different types of cells will enable the engineering of complex tissue
constructs.[233] |daszek et al. developed a multimaterial microfluidic bioprinting system for
either separate or simultaneous deposition of bioinks to generate the constructs with
heterogeneous properties by zonal programming of the composition and microstructure.[172]
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Mixing various bioinks was enabled by designing a passive mixer in the microfluidic
printing head connected to the coaxial extruder (Figure 9B). A gradient of compositions and
cells, mimicking various regions of human articular cartilage, represented a gradient
transition from hyaline to calcified cartilage. A unidirectional gradient of hMSCs was
achieved by encapsulating the cells in zone-specific bioinks and it was further confirmed
that coculture of human articular chondrocytes (hACs) and hMSCs improved chondrocyte
proliferation and the quality of the hyaline cartilage. Thus, multimaterial 3D microfluidic
bioprinting platforms can be utilized for generating scaffolds that mimic complex-shape
tissues/ organs such as osteochondral, osteotendinous, myotendinous, and neuromuscular
tissues, where precise transient composition is needed. It is also possible to simultaneously
produce multiple fibers, each having different composition by using co-axial microfluidic
channels (Figure 10A).18%] High-throughput printing of single and multiple materials was
possible by using a multi-nozzle array composed of microvascular network. It is also
possible to simultaneously print different materials by having dual printhead, each fed with
different material. The use of this system will result in dramatic reduction in printing time,
e.g. to print a 3D construct using single-nozzle printhead that takes a day, will take only 22
min by using 64-nozzle printhead system. It was also suggested that the system can be used
for producing cellular 3D constructs (Figure 10B).[234] The use of microfluidic 3D
bioprinting systems enables more efficiently building of heterogeneous 3D tissue constructs.
[161] For example, Colosi et a/. used a co-axial needle in an extrusion system that was
coupled with microfluidic device to produce alginate/GelMA fibers containing aligned
HUVECs and CMs (Figure 8A).[111] Co-axial printing to produce core-shell constructs is
especially useful when the material of the core and the shell may need different processing
parameters. Active mixing of the inks at the printhead enables us to obtain homogenous
bioink[192] that allows also for building desired gradients in the resulting construct.[212]

4 PRINTING PARAMETERS AND PROMISES IN BIOPRINTING

Several studies have examined the effect of printing parameters on different aspects of the
3D printed structures from fidelity to the final physical properties.[235.236] This is important
in a sense that the formation of pores in the scaffolds plays a vital role in the successful
seeding of the cells within the bioprinted structures and this entails a high printing fidelity
due to the small scale of the optimal pore sizes and internal features. The structural integrity
of the macro/micro-features circumvent the need for compensation procedures to be
implemented during the design process. Proper understanding of these parameters and their
optimization can improve the accuracy of the printed scaffold resulting in a better
recapitulation of the target native tissue.[237] In the extrusion-based and microfluidic-assisted
bioprinting technologies, the printhead size and printing speed directly influence the size of
the deposited fiber and overall accuracy, fidelity, mechanical properties, and porosity of the
fabricated scaffold. These parameters are synergistically coupled with the bioink properties
such as viscosity to attain an optimized printing process. Optimization of these parameters is
essential for having high resolution in the printed structure. When it comes to bioprinting
living cells, the range of printing parameters becomes limited to maintain the cellular
activity of cells (i.e. cell migration and proliferation). Post printing viability of the cells has
been well tuned by manipulating the structural features such as porosity in the printed tissue
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constructs. Besides, the scaffold stiffness, which is known to play a vital role in regulating
cell behavior in the ECM, is locally controllable by the architectural features and internal
pore shape design.[237-239]

Bioprinting speed, which can be controlled through the applied pressure, imposes a
significant influence on the resolution of the bioprinted structure due to the changes in the
deposited fiber diameter. These parameters need to be adjusted based on the bioink
properties and viscosity.[197] Also, higher bioprinting speed and pressure are associated with
higher shear stress levels applied to the cells which is unfavorable for maintaining cell
viability.[240] pProper viscosity of the bioink is of great importance for both extrusion and
microfluidic bioprinting processes. The low viscosity of the bioink diminishes the structural
fidelity and high viscosity may result in nozzle clogging. Extrusion-based bioprinters are
able to 3D print bioinks within the range of 30 mPa.s to 6 x 107 mPa.s. On the other hand,
the bioink viscosity affects the shear stress level that is transferred to the encapsulated cells.
Nozzles with larger diameters operated with lower pressure levels were introduced as ways
to reduce the shear stress.[237:239.241,242]

4.1 Cell viability in microfluidic bioprinting

Translation of 3D printing technologies that were initially adapted for materials such as
metal and polymers to the bioprinters dealing with living cells and biomolecules entails the
use of biocompatible procedures that are thoroughly cell-friendly. Many efforts have been
made to solve this problem by replacing the 3D printing elements with components
performing under mild conditions for bioprinting. This process involves avoiding high
temperatures and aggressive solvents that are not compatible with cells and more
importantly developing bioinks with different properties and integrity that possess excellent
properties for the bioprinting for encapsulating various cell types. [243.244] Bjoinks can have
a significant effect on cell viability in 3D bioprinting by promoting cell proliferation,
differentiation, and interaction in the bioprinted structure. The requirements such as
printability, mechanical integrity, biocompatibility, and biomimicry ability are among the
important properties that should be met when choosing or designing the appropriate bioink
materials.[244] The parameters of bioink should be optimized considering the target tissue
and its properties, cell type and density to obtain desirable 3D structure. Mechanical
integrity of the bioink plays an important role since the bioink should be able to support the
cells during and after the printing process and be formed to the desired 3D shape without
any defects or collapsing. In addition, the permeability and diffusion properties of the bioink
will determine the transport of oxygen and other essential materials to the cells. One way to
address this issue is to incorporate oxygen releasing materials such as hydrogen peroxide,
sodium percarbonate (SPO), and calcium peroxide (CPQO) within the printed tissue construct.
[245] To investigate the effectiveness of oxygen releasing material on maintaining cell
viability, Oh et al. studied the effect of CPO particles incorporated into the PLGA scaffold to
generate oxygen for the 10 days period, which resulted in a significant increase in cell
viability and growth.[248] |n another study, Khorshidi et al. fabricated CPO nanoparticles and
incorporated them in PLGA microparticles to enhance control over oxygen releasing of this
material.[247]
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Appropriate bioinks can promote cell tissue interaction and cellular activity. Another
important aspect of bioinks is the biomimicry ability of bioink that has a vital role in cell
attachment and activity. Biomimetic materials are able to control the cellular interactions by
binding the receptor to the ligands that are present in the bioink. This affinity between ligand
and receptors can determine many factors in cell activity, attachment, and migration.
Therefore, biomimicry is one of the important parameters for the design of bioink and
materials for bioprinting and cell viability.[237-239.242.248] Bjginks can be categorized as
natural and synthetic according to their synthesize approach. Natural bioinks such as
alginate, gelatin, collagen, agarose, hyaluronic acid, silk fibroin, and ECM are derived from
natural sources and generally show cell biocompatibility. Synthetic bioinks are developed by
chemical synthesis of materials which are usually controllable processes. They can be
manufactured with desirable mechanical and crosslinking properties which thrive them for
fabrication fine structures. However, compared to natural bioinks, they can induce more
cytotoxicity.[238] The shear stress experienced by the cells during the printing process is one
of the primary challenges present in the viability of bioprinted products. Modulating the
shear stress can directly change the cell environment and facilitate high cell viability.[249.250]
Desirable shear stress can be achieved by manipulating parameters such as nozzle diameter,
the viscosity of the bioink and applied pressure. In microfluidic-based bioprinters which
normally work with lower viscosity bioinks, the flow rate plays a crucial role in shear stress
applied during bioprinting process. Shear stress level produced in microfluidic printheads is
less than extrusion dispensers. Therefore, multiple considerations should be taken to account
in order to ensure high cell viability in microfluidic-based bioprinting platforms [181.249,251]

4.2 Extrusion and microfluidic bioprinting versus other techniques

Extrusion-based and microfluidic coupled extrusion systems have brought a great promise to
the field of bioprinting as they can integrate a wide range of materials and polymers with
different crosslinking mechanisms. Printheads with microfluidic devices enable higher
resolution in extrusion-based systems. Spatial gradients can be functionally made within the
extruded fiber in a controllable manner. 3D shaped structures made of microgels with
sophisticated structures is advanced since the advent of microfluidic mediated bioprinting.
However, the printing resolution can be lower compared to some of the printing techniques
(particularly those of optical basis). For instance, the printing speed and resolution is higher
in the inkjet bioprinters compared to the extrusion-based techniques involving those with
microfluidic coupled printheads. They have also shown relatively greater cell viability.
However, inkjet bioprinters are limited in terms of the viscosity of the inks that they can
handle. It is reported that the inkjet printers regularly deposit the inks with a viscosity about
15 mPa/s.[252-254] Bjoinks with high cell density are not printable, both from a viscosity and
clogging perspective. However, inkjet bioprinters can be used for single cell printing. In
addition, the printhead motion is usually faster with inkjet bioprinters but the volume flow
rate of the extrusion-based approaches is much higher, so ultimately inkjet bioprinters can
make smaller more precise structures faster but not larger ones.

Laser-assisted bioprinters, on the other hand, are capable of printing materials at high speeds
(scanning speed of ~2000 mm s~1). Promising cell viability results also confirm their
potential for the fabrication of artificial tissue constructs. However, the printing matrix
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materials are usually limited to those of photocurable polymers. Other drawbacks for this
type of bioprinters are the relatively high cost of printing and high preparation time.[238.255]
Stereolithography (SLA) bioprinters can print at the high speeds and have shown no
limitation on the rheological properties of the bioink.[256] In addition, high cell viability,
high resolution, and printing fidelity are the other advantages of SLA technology. However,
the complexity of the printing procedure along with the need for photosensitive bioinks are
the limitations of this process.[238] Low cell yield (proportion of the cells that end up in the
printed model) is a drawback of SLA since a large proportion of the cells are unused in the
uncrosslinked bioink.

5 CURRENT CHALLENGES AND FUTURE PERSPECTIVES

Microfluidics-based bioprinting is associated with challenges that include the precise
positioning of cells and materials in appropriate locations to generate accurate constructs
that recapitulate the native tissues structure and function. The ability to achieve desired
resolution while maintaining the functionality of printed cells could be difficult.
Additionally, working with pluripotent stem cells imposes additional challenges as it is hard
to print these cells with high levels of viability while maintaining their differentiation
potential. In addition, differences exist when producing these microfluidic devices, which
can lead to variability during the printing process and suggesting a need for closed-loop
control in future systems. It is also important to maintain precise control over the pressures
and flow rates being used to deliver and mix the bioink, its crosslinker, and the cellular
components. Accordingly, various technologies need to be developed for addressing these
challenges.

Several studies have combined microfluidics with 3D bioprinting (extrusion bioprinting) to
generate different tissue constructs, including vascular conduits and muscle tissues.
[88.,106.131] Other benefits of using microfluidic-based bioprinting include the ability to
generate constructs with better vascularization that would help cell growth and
differentiation.[257] Such technologies can also enable the deposition of cells in defined
areas to create physiologically relevant structures, such as myofibers.[196] Such strategies
could be applied to engineer other tissues, such as nerves where cellular alignment
influences tissue functionality. Moreover, the technique can be applied to develop complex
tissues along with the necessary vasculature, which will represent a major advance over
current approaches. Furthermore, printed constructs can also be incorporated into organ-on-
a-chip devices and their use in physiological, disease modeling and drug testing can be
developed.[258] Applications in drug release and replacement therapy such as in the case of
diabetes and other endocrine functions/organs will further expand in the future. Moreover,
the food industry in the future may benefit from these advances by bioprinting food
products, such as cultured meat in the 1ab.[25%] Such methods would provide a sustainable
source of food in comparison with current farming practices.

Another area for the further improvement of the 3D printing represents the development of
novel bioinks with unique features that enable them to respond to changes in their
environment. Such materials can respond to changes in temperature, pH, and other
conditions, and these technologies will need to be adapted to generate printable
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formulations. Microfluidic-based 3D printing can employ stimuli-responsive
materials[260-262] to produce dynamic and four-dimensional constructs for drug delivery
tissue engineering and actuator products.[261]

One of the long-term goals of 3D bioprinting is the ability to produce clinical-grade tissues.
[263] However, translation of these 3D printed implants!:73] and tissues to clinical
applications will require long-term /n7 vivo testing to investigate the functionality and
integration of constructs. The performance of these bioprinted 3D constructs must be
evaluated in appropriate pre-clinical models of diseases and defects to demonstrate the
feasibility and efficacy of this new therapy. Examples may include the application of
bioprinted constructs as skin grafts.[264]

Three-dimensional bioprinting of iPSCs has also been successfully achieved by using novel
microfluidic bioprinting technologies.[251.265] Microfluidic-based bioprinting of these cells
will enable further the development not only of customized constructs but also allows for
advancing future personalized medicine in which constructs can be used for devising therapy
and prescribing appropriate medicines ineffective dosage using a patient’s own iPSCs. The
application of the microfluidic-based approaches has yet to be studied for a wide range of
organ and tissue types such as skin given the potentials in precisely engineering the
materials and biomolecules. The integration of sensors and data communications,[266-269] to
current systems will enhance the control of the bioprinting process as well as functional

control of resulting tissue grafts to provide an essential part of the cycle of therapy in future.
[270]

6 CLINICAL TRANSLATION OF 3D BIOPRINTING

Three-dimensional bioprinting is an emerging method that has the potential to develop the
next generation of tissue constructs to serve as models for drug development or to use as
implants for regenerative medicine. Although 3D bioprinting has significantly improved
tissue engineering capabilities, there still exist some challenges to tackle before the wide and
clinical translation of this technology. One of the main challenges that remains to be
addressed is the robust fabrication of tissues in a larger scale. The number of cultured cells
as reported in published works is somewhat limited and thereby scaling the fabrication
process is challenging. Recently, protocols compatible with good manufacturing practice
(GMP)[271] and robotic systems!272] have been developed for large-scale growth of bone
marrow-derived stem cells. Robust, large-scale, and consistent fabrication of tissue
constructs may be further facilitated by combining deep learning with 3D bioprinting
techniques and implementing proper feedback systems to optimize the tissue manufacturing
process. Health 4.0 has recently revolutionized the manufacturing units as it can form a self-
training platform that uses big-data generated through the manufacturing process to enhance
the fabrication outputs.[273-275]

Despite the fact that 3D printing has, to some extent found its way to the clinical
practice[263] we are still way far from the wide translation of 3D bioprinting for solving
biomedical problems. Three-dimensional printing has been already used for rapid
prototyping of damaged tissues from the stack of micro-CT images taken from patients for
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the sake of surgical training as well as surgical planning.[263.276-278] Fyrthermore, clinical
bone reconstruction has largely benefited from 3D printing of customized implants, thanks
to the advance of metal biomaterials printing technologies, such as electron beam melting
[279] and selective laser melting.[289] However, when it comes to 3D bioprinting, cells and
biomolecules come to the picture and makes it difficult to attain the required properties.
Given challenging control of bioinks and 3D constructs, current state-of-art technology has
been unable to robustly produce high aspect ratio structural features, i.e. those of complex
organ shapes that require a large number of cells to be printed. This becomes of main
concern particularly when it comes to irregular shapes with hanging features that require
support structures to be printed. One example of such geometries are finely organized
vascularization features that need to remain interconnected throughout the printed structure.
Inefficient vascularization within the tissue implies the lack of oxygen delivery and nutrition
diffusion. Tissue vascularization has a detrimental impact on the survival, integration, and
function of any 3D construct that may be transplanted.[281] To circumvent such issues,
attempts have been made to take advantage of patterned biomaterials, growth factors and
coculture of printed cells with ECs, which leads to faster vascularization.[282] Other
strategies of managing this issue have been the incorporation of oxygen releasing
components within the bioink and suppressing the cellular metabolism.[283] In addition,
using a sacrificial ink to template the vasculature architecture that can be later removed has
been successfully addressed. 3D printing of removable materials with tubular structures to
make an interconnected network for vascular cell culture has attracted attention[292] as a
promising solution to tackle the limitation of vascularization.

On the other hand, low viscosity bioinks are difficult to remain in place, particularly when
deposition-to-crosslinking time is long. Printing fidelity for such materials and geometries,
therefore, need to be improved to enable fabricating well-vascularized tissue constructs.
Furthermore, the interaction with the host tissue at the interface between the bioprinted
construct and the target organ is currently not adequately addressed. Aside from the potential
foreign body reactions and potential formation of scar tissue around the implanted structure,
other risks of failure, such as local displacement or structural modes of deformation
stemmed from repeated loads and viscoelastic permanent deformations have previously led
to the rejection of the biomedical products.[284] Chemical and mechanical properties of
bioinks and 3D bioprinted constructs vary overtime. Most of the performance evaluations /in
vitroand in vitro have been essentially performed in a limited time, thereby the lack of long-
term data is a major concern when the clinical translation is contemplated. Further
understanding is needed in the first place, to promote the integration between the 3D printed
construct and the host tissue. This can be attained by engineering the chemistry of the
material and functional groups present on the surface that may interact with the surrounding
tissue for better integration. It is worth noting that despite successful results obtained /n vitro
and /n vivo, the application of such engineered tissue grafts in the clinic may result in
different adverse effects. Unfortunately, there is only a limited number of reports on /n vivo
experiments, particularly those employing large animal models and long-term follow-up
mainly because of costly and time-consuming experiments. This signifies the need for
undertaking a careful preclinical evaluation of both small and large animal models,
conducting long-term studies and use intelligent evaluation and interpretation of
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accumulating data. This complexity has led to having different regulatory and approval
procedures in different countries. Additionally, there exists a lack of standardized
methodology for characterizing the responses to the biological stimulations.[*73] From the
industrial perspective, the benefit of 3D bioprinting must outweigh the current practice of
biomedical solutions in order to push the products to the market. For instance, the
regenerative role of 3D bioprinting should have specific attention, which is seriously lacking
in the case of 3D printed implants. Therefore, it seems that there is a big demand for
research on different aspects of 3D bioprinting, from bioink preparation and processing, all
the way to pre-clinical animal testing and translation to the clinic.

7 CONCLUSIONS

The use of microfluidic-based 3D bioprinting is expected to enable the development of a
broad range of functional tissues with many important applications in basic research, drug
discovery, product testing, and ultimately in the clinic. Conceptually, it broadly expands the
design space and ultimately tissue complexity as it enables us to have greater control over
deposited bioinks and resulting structures in terms of size, composition, type of cells and
molecules used and programmed gradients. In addition, it offers more cell-friendly
processing microenvironment as the printing systems are being designed specifically for
handling cells. The inherent characteristics of the approach and use of well-understood
materials, such as PDMS and prototyping toolboxes including the use of 3D printing allows
for the integration of valves, sensors, and continuous monitoring and control of the printing
process. There have already been many reported examples of direct application of this
technology to biofabrication of functional cell-laden fibers through wet spinning and
recently 3D printed and viable tissue constructs. However, the applications of this
technology are broad and still emerging as the field is still in the early stages of
development. However, expected that over the next several years we will begin to see
clinical success following the growing investment and research using /7 vivo studies of 3D
bioprinted structures using these novel approaches. Ultimately, the development of advanced
biomimetic 3D constructs will enable the treatment of a wide variety of tissue defects as
well as directly contribute to organ repair and tissue regeneration.
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Reproduced with permission.[92] Copyright 2018, IOP Publishing.
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Figure2.
Extrusion bioprinting of vascularized tissue. A) (i) Complex three-dimensional tubular

structures formation through layer-by-layer deposition of agarose rods (pink) and
multicellular spheroids (orange). (ii) Tubular structures based on two different patterns with
multicellular double-layer wall (green: human umbilical vein smooth muscle cells
(HUVSMCs); red: human skin fibroblasts (HSFs)) before and after 3 days of fusion. (iii)
Printed tubular construct. (iv) Bioprinted pig smooth muscle cells (SMCs) tubes with
different diameters after 3 days of fusion. Outer diameters are 2.5 mm (left), and 1.5 mm
(right). (v) Printed branched structure just after printing (left) and the final fused structure
after 6 days (right). Spheroids are 300 pm and branches pointed with solid and broken
arrows are 1.2 mm and 0.9 mm, respectively. (vi) Fluorescent image of the tubular structure
showing the fusion pattern after 7 days of printing. Scale bars: (iv) 2.5mm, (v) 1.2 mm.
Reproduced with permission.[*291 Copyright 2009, Elsevier. B) (i) A customized adaptor for
microcapillary-based printing. (ii) Developing a tubular structure through layer-by-layer
printing of cell- encapsulated hydrogel microfilaments. (iii) Fluorescent images of the cross-
section of cell-laden tubular constructs just after printing, after 14 days, and 28 days of
culture, respectively. (green: live cells; red: dead cells). Scale bars: 500 um. Reproduced
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with permission.[230] Copyright 2010, Elsevier. C) (i) Single-arm robotic printer with co-
axial nozzle. (ii) Schematic of the co-axial nozzle with hydrogel and the crosslinker flow.
(iii) The influence of the hydrogel properties in the dimensions of the hollow filaments. (iv)
A single-layer microfluidic channel network. (v) Media flow through bovine cartilage
progenitor cell-laden alginate microchannel. (vi) An eight-layer microfluidic channel
network. (vii) Microfluidic channel embedded in bulk hydrogel. Scale bars: (iv) 10 mm, (v)
10 mm, magnified image: 100 um, (vi) 10 mm, (vii) 5 mm. Reproduced with permission.
[131] Copyright 2013, 10OP Publishing.
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Microfluidic 3D Bioprinter Printhead Schematic
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Figure 3.
Microfluidic bioprinting principles. (i) Schematic of a microfluidic 3D bioprinting system

depicting a (ii) two material PDMS microfluidic printhead with integrated pneumatic valves
and (iii)&(iv) co-axial flow focusing extruder capable of generating hydrogel fibers with
diameters ~60um - >400um. Integration with a 3-axis positioning system and custom
software enables a variety of multimaterial structures to be fabricated including.[”®]
Copyright 2013, IEEE. (v) Tubular structures with inter-layer switching and (vi) concentric
tubular structures with in-plane intra-layer material switching. Flow control over the ratio of
hydrogel and crosslinker flow rate enables (vii) sequenced 2-material fibers with on-the-fly
control over fiber diameter. (viii) Printed alginate structures are robust and can be manual
manipulated directly post-printing. (ix) Abrupt switching between regions containing cells
and those without cells is possible. A variety of different cells have been validated in the
hydrogel fiber platform including (x) human airway primary smooth muscle cells in an
alginate collagen fiber and cultured to produce a functional airway contraction model.
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Figure 4.
Microfluidic bioprinting chips. A) (i) Schematic of a microfluidic printhead for

multimaterial printing with controlled flow rate of each material by independently actuated
syringe pumps. (ii) One-, two-, and three-dimensional (1D, 2D, and 3D) printed
multimaterial PDMS (red and clear) structures. (iii) Cross-section images of two different
multimaterial 3D structures with different stiffness. Initial form of the structures (left), and
after applying strain (right). Reproduced with permission.[184] Copyright 2015, WILEY-
VCH Verlag GmbH & Co. B) (i) Schematic of the microfluidic chip for alginate microfibers
formation. (ii) Micrograph image of the alginate microfiber formed by microfluidic chip.
(iii) One and two inlets straight channel microfluidic chips (top and middle) and two inlets
snake-shape channel micromixing chip (bottom) for cell-laden alginate microfibers
formation. (iv) Schematic of segregated vs homogenous cell distribution within alginate
microfibers when employing straight channel and snake-shape channel microchips. (v)
Optical and (vi) fluorescent images of sarcoma osteogenic (SaOS-2) osteoblast-like cells
laden in alginate microfibers after 1 day (top (both)), 7 days (middle (both)), and 14 days
(bottom (both)). (green: live; red: dead). Scale bar: 250 um. Reproduced with permission.
[181] Copyright 2015, Elsevier.

Adv Mater Technol. Author manuscript; available in PMC 2021 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Davoodi et al. Page 40

(A) (B)

(i) Cell-laden GelMA (i)
microsphgf9s

HCUEDTA

<>

Unactivated
FXI

: N \
V . { \

Light exgosure |
3 E l.\ < /’/‘

BMSC Matrix

Nuciei/TG-PEG]

Control GelMA GeIMA+MSC GelMA#
MSC+BMP

Uncoupled micro- and
macroenvironment

Figureb.
Microfluidic bioprinting of cell-encapsulated microspheres. A) (i) Schematic of bone

marrow derived mesenchymal stem cells (BMSCs)-encapsulated gelatin methacryloyl
(GelMA) microsphere generation for bone regeneration. (ii) Microfluidic device. (iii)
GelMA droplets formation. (iv) Monodisperse GelMA microdroplets. (v) Crosslinked
GelMA microspheres. (vi) Implanting the microspheres into the rabbit femoral defect. (vii)
New bone volume (%) when implanting normal saline (control) and various contents of
microspheres. Reproduced with permission.[299] Copyright 2016, WILEY-VCH Verlag
GmbH & Co. B) Selectively gelation of microniches: (i) The process starts with injecting
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hydrochloric acid and ethylenediaminetetraacetic acid (HCL/EDTA) matrix precursors,
diluted solution of CaCos-loaded cells and inactivated FXII into microfluidic chip, followed
by jointing the solution in a laminar flow and shearing the fluid stream with the oily phase,
resulting in monodispersed droplets. In the droplets containing CaCos-loaded cells, HCL
dissolve CaCos and realise Ca?* ions that activate FXI11 and results in on-demand gelation.
(ii) Droplets in the collection channel. (iii) Fluorescent image of the cells (blue: nuclei).
Reproduced with permission.[*%4] Copyright 2017, Royal Society of Chemistry. C) (i) 3D
multifunctional biostructures fabrication: Single-cell laden microgel formation followed by
modular bioink preparation, and finally 3D bioprinting of multifunctional biomaterials with
uncoupled micro- and macroenvironments. (ii) Single cell encapsulation in polyethylene
glycol diacrylate (PEGDA) precursor (iii,iv) Schematic and SEM images of failed and
prosperous encapsulation using single and dual photoinitiator system, respectively. (v) Cell
encapsulation quality regarding the relative position of the encapsulated cells within
microgel. (vi) Live/dead staining of encapsulated cells. (green: live; red: dead) (vii) Flow
cytometry-based sorting of the cell-laden microgels. Scale bars: (ii-iv, vi,vii) 50 um.
Reproduced with permission.[*86] Copyright 2017, WILEY-VCH Verlag GmbH & Co.
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Figure®6.
Microfluidic bioprinting of vascularized tissue. A) (i) Steps followed for microfluidic

bioprinting of multilayered tubular hydrogel constructs. (ii) Images of bioprinted tubular
constructs. (iii) Fabrication of tunable single and double layered tubes. (iv) Fluorescence
images representing dynamic variation between single and double layered tube. (v) Live/
dead assay of human umbilical vein endothelial cells (HUVECSs) and human smooth muscle
cells (hSMCs) encapsulated within the tubes on day 14. Scale bars: (ii, iv) 1cm, (v) 500 um.
Reproduced with permission.[83] Copyright 2018, WILEY-VCH Verlag GmbH & Co. B)
Co-axial microfluidic nozzle for hollow Ca-alginate filaments formation. (ii-v)) Continues
gel layer with embedded single and dual layer channels. (ii) Single and dual layer patterns.
(iii) Cross-section of the continues gel with embedded hollow channels. (iv) Printed parallel
straight channels (left), their arc connections (middle), and dual layer channels (right). (v)
Fluorescent images illustrating the nanoparticles flow along the channels shown in (iv),
respectively. Scale bars: 1 mm. Reproduced with permission.[*87] Copyright 2016, SPIE.
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(II) Hep + 3T3
Anisotropic hydrogel fiber

i 4 Hepatic cord-
CL like tissue

¢ Enzymatic removal of hydrogel

Scaffold-free
hepatocyte-3T3
complex organoid

Hep Hep + 3T3

Microfluidic bioprinting of organoids. (i) A microfluidic device for generation of sandwich-
structured alginate microfiber with hepatocytes and 3T3 cells layers. (ii) Formation process
of scaffold-free hepatocyte-3T3 complex microorganoid. (iii) Hepatocytes and 3T3 cells-
encapsulated hydrogel microfibers formation by microfluidic device. (iv) Micrographs of
hepatocytes in microfibers with and without presence of 3T3 cells. (v) Double-
immunofluorescent staining of hepatocytes-encapsulated microfibers with and without 3T3
using CK18 (green) and vimentin (red) antibodies. (green: hepatocytes; red: 3T3). (vi)
Production of hepatic microorganoids in alginate microfibers: without 3T3 after (a) 7 and (e)
30 days, and with 3T3 after (b) 7 and (f) 30 days. Enzymatic digest of the alginate
microfibers and hepatic microorganoids recovery for the microfibers: without 3T3 after (c) 7
and (g) 30 days, and with 3T3 after (d) 7 and (h) 30 days. Scale bars: (iii) 200 pm, (iv) 100
um, (v) 50 pm, (vi) 200 um. Reproduced with permission.[188] Copyright 2012, Elsevier.
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Figure8.
Multimaterial bioprinting. A) (i) Fabrication process of three-dimensional (3D) cell-laden

constructs: (a) Layer-by-layer bioprinting of 3D constructs along with two steps of
crosslinking. (b,c) Bioink consisting of gelatin methacryloyl (GelMA), alginate,
photoinitiator and cells are extruded through inner nozzle, while CaCl2 flows through outer
nozzle resulting in ionically crosslinking of alginate followed by ultraviolet (UV) light
crosslinking of GelMA. (ii) Final 3D construct and pCT reconstructions. (iii) Multimaterial
bioprinting using a microfluidic chip for developing constructs made of two separate
bioinks: (b,c) alternatively (d,e) alternate and simultaneously, and (f-i) simultaneously
extrusion. Red and green colors in the fluorescent images present two separate bioink
extruded through Y-shape channel of a co-axial needle. (iv) (a) Schematic of the bioprinted
microfibers before and after the migration of the encapsulated human umbilical vein
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endothelial cells (HUVECS) to the outer regions of the microfibers after 10 days of culture.
Confocal microscopy images of the tubular microfibers: (b) top, and (c) cross-sectional view.
Scale bars: (iii: c,e,g) 500 um, (iii: h)200 pm, (iii: i) 50 pm, (iv) 100 um. Reproduced with
permission.[!11] Copyright 2016, WILEY-VCH Verlag GmbH & Co. B) (i) The fabrication
procedure of a microfluidic printhead ;(ii) Schematic of the microfluidic printhead integrated
with a customized bioprinter for multimaterial/multicellular bioprinting of cell-encapsulated
scaffolds followed by UV light curing. Reproduced with permission.[112] Copyright 2017,
Springer.
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Figure.
Graded structure bioprinting. A) (i) Optical image of an impeller-based mixer. (ii) Schematic

of a mixing nozzle for active homogenization of two inks entered through inlets #1 and #2
for three-dimensional (3D) printing of constructs of multiple materials. (iii) Cross-section
images of 3D lattice constructs showing the continuous variation of the fluorescent pigment
concentration under bright light (top left) and UV light (top right). 2D structures showing
the discrete variation of fluorescent under 8 different mixing ratios under bright light
(middle), and UV light (bottom), respectively. Scale bars: (i) 5mm. Reproduced with
permission.[192] Copyright 2015, American Physical Society. B) (i) Microfluidic extrusion
system composed of (ii) the microfluidic printing head and (iii) the co-axial adapter. (iv)
Mixing index heatmap is shown. In (v) and (vi) the schematic of the fabrication process and
the final 3D bioprinted graded scaffold are shown, respectively. Reproduced with
permission. [172] Copyright 2019, 10P Publishing.
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Figure 10.
High-throughput microfluidic bioprinting. A) (i) Schematic of the fabrication process of the

co-axial microfluidic chips. (ii) Schematic of the platform for (a) high-throughput printing of
fibers with various compositions employing several (b,c) micromixers and co-axial flow
channels with separate inlets for sheath flow. (iii) SEM images of (a-c) hemicylindrical,
rectangular and cylindrical combination, and hemi-co-axial-flow channels, respectively. (d,e)
Microdroplets and continues flow formation through the co-axial-flow channels,
respectively. (f) Alginate microfiber formation through co-axial-flow channel. (iv) (a)
Generation of a stepwise gradient in the fluid passing the channels with in-line micromixers,
(b) high-throughput production of microfibers, and (c) optical and fluorescence images of
fluorescein isothiocyanate tagged to bovine serum albumin (FITC-BSA)-immobilized fibers
fabricated through various channels. Scale bars: (iii:a,b,c) 200 um, (iii:d,e) 700 pm, (iii:f) 1
mm, (iv:a,b) 1mm, (iv:c) 100 um. Reproduced with permission.[189] Copyright 2010, Royal
Society of Chemistry. B) High-throughput multimaterial printing through dual hierarchical
microvascular multinozzle printhead: (i) optical image of the printheads filled with blue

blue and yellow wax filaments. The magnified image represents a single layer construct.
(iv,v) Optical images of the printed construct out of wax filaments infilled with a
photocurable epoxy resin. The magnified image shows the cross-section of a 10-layer three-
dimensional (3D) construct after removing the sacrificial wax. Scale bars: (i,ii) 5 mm, (iii,iv)
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2 mm, (v) 1 mm. Reproduced with permission[234]. Copyright 2013, WILEY-VCH Verlag
GmbH & Co.

Adv Mater Technol. Author manuscript; available in PMC 2021 August 01.



Page 49

Davoodi et al.

[o62]

[22]

[oeT]

[6e1]

[esT]

[682]

[8se]

[282]

[oge]

[ssel

213193ds 10N o]
a14193ds J0N o}
(sam
Auej[idesosorw)
188S3A poo|q VIN

(anadidouoiw)

yreqg ¢jeq
e ojul diyd a1pinjo10iw Aq BuiwioH

diyo 2IPIN(J0IOIW MO}4 [eIXe-0D)

wiasAs uoisniIxa agny Ale|jidesosdnn

slapuijAo
Je|njjaon|nw pue spod asosebe
Jo uoisnuixa Joy speaypuid sresedas
yum Bunuuidolq papre-isindwio)

(yreq €100
e ojul diyd a1pinjooiw Ag Buiwiioy)
WAISAS 2IPIN[J0IdIW PalSISSe-13]|0Y

MO[4 [e1Xe-00 pue diyd d1pIN|JoIIAl

90INSP 04N LI
81ea19 03 Buiuisnedouoiw arydesboyn|
1os Aq pamoj|o} sI pue ueblo
-0191W @€ dYeatqey 0} pasn s (MOA)
Bunum 182 198.1p paseq-abuAs

uonnjos ¢1oed
1O Weans e ojul uonnjos areulbie
Buipnixa Aq siaquyosdiw ajdinw
8onpoud Ajsnoaueynuiis 03 pasn sl
AelIe 8]2zOU UODI|IS PaIRILIGRIOIIIA

Ureays ayj ul Z10eD pue 8109 8y} Ul
a1euIBfe Jo MOJ) [B1Xe-00 IPINIJ0IOIN

21080 0 weans Buimoyy
-00 Ul 8yeulBle Jo UoISNIIXe 3|PasN

aleulb|y

uesolyo-axeulb|y Jo ajeulb|y

Sjuswe|iyoIoeW
aso.ebe Je|n||aoe
pue ‘SNDJS Paxul|SS0Jd
-(va93d) sejhioelp
109416 auajAyreAjod
‘(SIND3S) saourew
Je|njjaoenxa
J1IBYIUAS pPaxjul|ss0ld
-0yde.Ial uspe|-|18d

sploJayds Jejnjjoninw
pue spoJ asoJeby

sajo1edoueu
J9A|IS pue speaq JawAjod
a1e|AxoqJed ‘areulb|y

aleulb|y

aleulb|y

aleuIb|y

aleuIb|y

aleulb|y

S1139 295> BIWANA| plojaAw
uewiny {(SQSIAI) S1199 Wais
lewAyouasaw Ajjar s, UoLBYAA

(z9daH) ewourosed
Jejnjjaoojeday uewnH

sise|qoiqy €LE HIN

sisejqo.qy pue (SQINS)
S]199 8josnw yioows Buipnjoul
‘sadA} |19 Je|nIseA SnoLBA

1seaA {1102 '3

(sajnoajowoiq
10} [9pow) ulwngje
wnJas auinog {(82-IAIH) SI189
|e1j3Y10puUa UIaA Jel|l UewnH

Z9daH sa1hooredaH

S]199 €62 Asupny uewnH

(sajnasjowoiq
10} |apouw) ulwing|e wnias
auIAOg ‘S1Se|qOIql UBWNH

(s3) s1199 [e1z10puUd
Je[naseA AJapie pnoJed auinog

0s49q1J0J01W UBpPR|-|[3D

SI9Q1J0J01W U3PE|-|19D

S1ONJISU0D UBPE|-||90 31]-|3SSIA

syesBb Jejngny Jejnasea
991J-P|044LIS JO UOIRILIE

$18q130401W dreulBle Jo uoiew.IoH

sJaqy mojjoy
ajeulBfe uapej-1189 Jo uoneoLge

sjapow onauryooeweyd
Se pazi|nn ag 0} S19NJSU0D aNss
pe19alydIe CE JO Uonealige

wieasis Moy Jeurwe) ui sjaboipAy
Je[ngny uapej-1192 40 uoIewIo4

$13QIJ0.21W JO UOIRWLIO}
SNoNUU0J 10§ anbiuyos)
paseq-o1pIN|JoJoIW [3A0U WY

SELTILIN]
papeo|-|189 40 UonaNpo.d

Exts!

213193ds 10N VIN
213193ds 10N o]
ol108ds 10N 2
213193ds 10N N
(Reue
(NWN) 81zzou
2141930s JON -0J01W) W/N
a14193ds J0N o}
213193ds 10N N
anssil N/O

d/id

POUR N

felorewwolg

S|PD

Apnis

‘Bunuiidolq 21pIN0oIW [BUOIIUBAUOI JoU ‘Uondalul (5) 'Spoylsw uolealige) pue ‘sielalewolq ‘sadAl 1199 Bulmoys saIpnis “SwaisAs
(N) paseq-ajpaau Jo (D) paseq-jauuryd0.ao1w Buisn (4) siaquoidiw uape]-|1a2 Buronpoud ul pue (4) Bunuudolq ul Sa1pINJOIDIW JO 8Sh ay) uo suoday

Author Manuscript

‘TalqeL

Author Manuscript

Author Manuscript

Author Manuscript

Adv Mater Technol. Author manuscript; available in PMC 2021 August 01.



Page 50

Davoodi et al.

uonnjos Buij|ab e ur pasiawiwi

D3 arenonued

(z-soes) si180 1|

saIpInjyolo1w Aq pasnpoad

[181] auog o} agn} 1913n0 ay3 yum diyd oIpIN0IaIN 1o uneab yum areulby -1Se|081S0 21Uuah031S0 BLIOJILS slaquyoso1w ayeulbre-|ND3
S10NASU0d
(sawreq1ded wsiueydsw Buibbojosp S1199 (€62-M3H) 1860IpAy g parejnsdesus
[es] 214195ds J0N sse|f) v/N yum paresfisjul Bunudolq |eixe-0Q ajeulbly Asupiy dluoAiquis uewnH -1199 J0 Juswdolanaq
(3109 BU} U1 J9XUISSOID pUE Yeays Se (SLND) sagnioueu uogJed $]199 ajosnwi SHNpUo9
[e62] a14193ds J0N N areulBe wnipos) Bunuudolq [eixe-0) YNM paalogulal ajeulbly ypoows Asspe AJeuolod UewNH  JeNIseA padlojulal Jo uoledlige
S1ONJISU0D Q€ Uape|-||a9
(yreays ¢1oeD J0 uonew.oy pgAy 1oy Jaundolq
[ser] a14193ds J0N N pue 8102 areulf|e) walsAs [erxe-0D aeulbly s]199 Joyuaboud abejie)d wJe-pinw e Buidojanag
18601pAyY ¥Ing ul Buippaquia pue s|199 310MI3U Je|naSeA pue siagly axl|
[zeT] 213103ds 10N N slaquoio1w Jo Bunuiidoiq Jeixe-0) uesoNyd pue ajeulb|y Jonuaboud abejied auinog -|9SSaA Uape|-]]8d 40 UoiONPoId
9]ZZ0U [e1Xe-03 YIM
wiAlsAs anoqod palsisse-ainssald e Aq s|199 s3Iy MOJ|0Y Uape|-||ad 40}
[retl 213103ds 10N N S[auURY20.IIW Jejngn) Burinjoeinuein ajeulb|y Jonuaboud abejied auinog wasAs Bunuudolq Buidojanag
Bunuiidolg onoqgo. pajsisse s|199 S]assaA [ednyeu Buljquiasal
[z62] |9ssaA poolg N -ainssaid Aq waisAs [e1xe-00 MaN areulbly JonuaBoud abejies suinog S|auueyD Jejngni JO UoIeslIge
(e718H '6WINIIA ‘2DdOH)s]129
[erjaynda ((Arewnd asnow)
S[199 Wials |ednau ‘(Arewid yer)
unquy Jo ‘(joQy) usbeyjoa S|199 |B211109) S|189 dAJaU (TSIN
|-2dAy pazijignjos-pioe ‘(Arewnd uewny) D3ANH)
891ASP J1pIN|J0JoIW 10 ‘(10Dd) uabe)o2 |-adA} S1199 |erjaylopus ‘((Arewnd
MO[4 Jeujwe| [e1xe-09-8|gqnop pazijignjos-uisdad Jayna 1e1) IND ‘2TD20) Sse1AooAw sJaqly |]8ys-2109 uspe|-||8d
lo6T] SNOLIBA N Buisn Jaqiy ||ays-9109 € JO UOITBWLIOY s1 8109 "ajeulbie si ||ays (ELE/HIN) S1sB1q04q14 Buoj Jo uononpoid IPINJJOIINN
Annigeded
Buiyolms JerssrewnNW
peaypulid a1pInjyoIoIW Al3-aui-uo yum sarunidolq g
] 213193ds 10N o) Buisnooy moyy Jeixe-03 Aq Bunuud g aleulb|y VIN paseq-a1pinjjoloiw e Buidojanaqg
peayiurd d1pinjoIo1W
I62]1 a14193ds JoN 2 Buisnaoy moyy Jerxe-09 Aq Bunund gg aeulbly V/N sjonJisuod ajeulble g
sa1hooreday
pue s|[89 € 1€ yum areutfe sl192 1€ Aq
WNIPOS JO SUOISUadsns 1oy Sia|ul paydIMpuEes J33usd Je sajAooreday
[88T] SaNnssI Janl| o} areJedas Y)m [auueyd0IoIW SINAd areulbly sisejqoiqy £1€ ‘sa1kooredaH UYM papeo| SJaqi0IoIIN
aueIquIaL
(771d) auisA|-1-Ajod Aq
l18ys papuno.ins * (Tv9d) areulble (210d) aulf 1199
Ul S[]39 INOYIM pUR 3109 Ul S|[39 YlIM 109416 auajAdoud Jo siake| ewolfoowolydoayd jes ‘(e19H) Burylomiau pue yimoub |18
suonn|os ajeulble wNIpos 10} s1ajul P110S U83MIaq PaYDdIMpUES aul| 1199 Jadued [eIINIBD papinb Joy siaquyoIdiw [360IpAY
lecz] 214193ds J0N o} areJedas Y)m [auueyd0IoIW SINAd (areuifie) 8100 1os uape| [18D uewny ‘(g L) sisejqoiqi4 10 UOITeDLIgR) JIPINILOIIN
a1nynd jydoanap ‘(sdeyns
s1a|ul 8]qe|jou0d Ajjuspuadapul uo) s]189 JeJnau duoiquig 131} SNONUIUOD USPE|
[r62] 214193ds J0N o} [BJ9ABS YNIM WBISAS DIPIN|JOIDIN areulbly ‘sisejqolquy ‘salkooredaH -[189 JO UOIIRDLIgR) JIPIN|IOIIIN
oY anssi| N/O poyle N [erereuwolg Sl[Se) Apnis

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2021 August 01.

Adv Mater Technol. Author manuscript



Page 51

Davoodi et al.

SPOY1aW UOILILIgR) SNOLIBA
Buisn syonuisuodoioew adnpoid
0} S|ela1ew snotieA ojul payesodiodul
uay} aJam yaiym sjaboioiw
uape|-]199-a]Bu1s aonpoud pue aseyd
110 ui jabolpAyaid uapej-||99 Ayis|nwsa

S|eliglew snolieA
Yim papusalq usys ‘sjaboioiw
10} (Va93d) erelhioeip

(s03) s1199 [e1jayropus
'$81A004pUOYD BUIAOG “(SDSIA)

S19NJ1SU0d
acg jo Bunuidolg uoisnixaoidiw
Jo} s1awAjodaid yum
papus|q sjabo.oiw 192 a)buls

[o8T] 214193ds J0N 2N d 01 921Aap BUISNI04 MOJ} DIPINIFOIDIN 109416 auajAy1eAjod S]199 Wials [eWAYIUaSIN Jo syuroiq senpow buidojansg
sdwnd a1pinj001W (uabBounqiy (el s1aquy 1abolpAy uapel-|180 paubife
a|qewwresfold pue walsAs uoisnxa -93d) JawAjodoiq anayuAs /91va) sisejqolql {(z1020) Aj[euonoaiipiun wouy spew
[o0T] anssi ajasnw N d [e1xe-02 yum Jajuiidolq 3jing-woisn) -|was pue areulb|y s10s4n9a1d ][99 BJOSNIN SJONJISU0I g Jo Juswdolaneg
S13q1y0401W areulbfe wniofed
are.isgns wnnaeA e uo Bunuuidoiq WoJ) dpew S}NIsuod
I8l 214193ds J0N N d 21pINoIdIW [eIXe-09 Asejjided areulBe wnioe) V/IN @g snosod o swdojanag
(V193d)
a1e|A10e-8119)-|09A|6 (sOSIAY) s1180
ausjAyiaAjod pue ajeulble wials [ewAyoussaw uewny
uoIsnIIxXa {(WINIPD) 1A0jA1oey1aw {(sD3aANH) S1199 [e1jayropua S19NJISUOI JejNgN} 91|
[og] 213198ds 10N N d [eixe-09 paJake|nuw das ojbuis uneysh Jo yuiolq pus|g UIBA [D1]IGWIN UBWNH -|essan ajgesnyad Jo Bunuudorg
(s0sdiu)
S]199 wals wajodun|d paonpul
Jojoealolq uoisnyiad paubisap syl uewiny ‘(SIND) sa1ko0AwolpIed
ui Buisnoy pue sa1Ao0AwoIped yum (6562 91n2ebu)) Joreniuioloyd Jereuoau e Arewid wnipJesoAw paubife
wnipJesoAw Buipaas ‘spjoyeds pazijeljayiopua pue ‘(WINI99) |A0jA10eyiaw {(sD3aANH) S1199 [e1jayropua BurinioeynuUBW J0J SPIOYLIS
[zotl pazijeljayiopul N d 30 Bunundolq Jeixe-0D uneab ‘areulbie Jo ainXIN UIaA [ealjiquin uewnH pazijerjayiopus ag bunuridoig
Buuijssosd dais-omy Ag pamojjoy (sD) juiolq se ayeulbe
3|paau [eusaixa ybnoiyl ¢joed sa1A00Awo1p.ed Jel Alewid pare|nsdeaus-|189 aS0ISIA MO|
‘018 pue 3|paau Jeutsiul ybnoiyy yuiolq (WINI199) |AojA10eyiaw {(sD3ANH) S|199 [e118YI0pU Buisn syonnsuod gg uspel-|1d9
[r1r]  ‘enssn JelpJes g 2N d VINI3D-31UIB[E {UOISNIIXS [BIXe-0D uire|ab pue sreulb|y UIBA [ed1]Iquin uewnH 30 Bunundoiq uonnjosal-ybiH
anssi
(Yreq 219D OjUI PaPNIIXe) paz1ie|naseA (IS 4O UOIRILIGe) 10}
areulble Aq papunouins (s|paau (sD3aANH) s1199 [eljayIopua peayiunid paubisapal yum wiaisAs
L81] |9ssaA poolg 2N d Jauur) ¢jQeD ‘UoISniIXa [eIxe-09 areulbly UIBA [edl]iquin uewnH ‘110D 3 Bunuud g 1anou e Buidojaneg
slaquy
[s62] ]9ssan poolg N d UOISNIIX® [eIXel ] aeulbly sise|qo.qyy asno MO]|0Y PaYdURIq JO UOIFedlIqe
(ABojouy2ay Jaulid
Jasuadsip 18Mul -e-uo-qe) siemuridoiq 1alxui
8NS/SINAd Yum paresbaiul Ajpoaap yum Buneibayun oy Jasuadsip
81l JanIT] o} d Jaxiw anissed a1pIN|oIdIW SN uabe|od pue areulb|y V/N a1pInjjoloiw [aAou e Buidojanag
$131J0401W a1eulBle WNIojed
abejs uape|-]133 mojjoy
[eT] 214193ds J0N N d  Z pazuoow yum Bunuudoiq feixe-0) areulBe wnioe) sise|qoJqyy asnow 62671 10 S19n115U09 ¢ J0 Juswdolaneg
(Alquiasse
UaALIp-1aubew) ayensgns onsubew $13q1j0401W d1eulbe uspel-||8d
[v62) ol109ds 10N 2 d © uo Bunuud Joy diyo d1pIn|yoIIN areulb|y (S1139 € LE/HIN) sise|qoaid 40 s1NASU0D Q€ 40 Juswdojanag
oY anssi| N/O d/id poyle N [elerewolg Sl[Se) Apnis

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2021 August 01.

Adv Mater Technol. Author manuscript



Page 52

Davoodi et al.

[eL1]

[962]

[88]

[26T]

[ote]

d

UOISNIIX3 [e1Xe-02
U pajdnod Bunuiidolq a1pInoIoIA

Burjurssossoloyd
AQ pamo||oy s1aq10101W
Y1eays/8109 jo Bunuidolq [eixe-00

$9|ZZou [elxe-09 ajetedas om} ybnoiyy
sadA1 1192 1BIBYIP Yum pale|nsdeaus
s|abo.pAy Jo Bunuudolq [eixe-09

‘Bupjuijssolooioyd

Aq pamojjoy Bunuuidolq [eixe-09

diyo a1pingyosoiw Aq
sadeys SNoOLIBA Ul UOISNJIX8 SanUIU0d

ajeulBly pue (VINIV)
are|A1oey1aw |Ayrsoule
-z -(SD) areydins unioipuoyd
‘(VINYH) p1oe d1uoinedy
palejAioeyaw ‘(VINIRD)
1AojA1oeyiaw unejab

Yreays se aeulBfe pue 8100
ayy ut (VINIRD) 1AojAioeyiow
unejab uspe|-j18d

ajeulb|y

ajeulbe
ynm papualq (YINIRO)
|AojA10ey1BW URRD

ayeulbe paiyipow
-(dsv-A19-b1v) a9y

(sDwy) sa1ka04puoyd Jejnaie
uewny pue (SOSIAY) s1189
Wa)s [ewAyosuasaw uewinH

(s1sejqouquy
asnow ¢1¢/HIN pue ,w__wo
Jadued isealq /4DIN ‘1€2-9IN
VA 'sDIANH) S1182 SNoLEA

(sO3ANH)

S|199 [e1|aylopus UlsA
[ea1jiquin vewnH (SYAOW)
S]192 9]9SNW Yjoows asnow

“(62671) s1se|q04qly BSNON

(sD3ANH) 1199 [e113y10pUD
UISA [ed1]Iquin uewnH

SI139 €9DIN
{(sD3ANH) sI192 [erjayiopud
UIBA [eD1]IquWin uewnH

syuaipelB [erssrew
pue [199 YIM SP|OJJEIS [RIpUOYD
$S8UNDILI-||NY 40 JuBwdolansq

JUBLIUOIIAUB0IOIW
8]geaun 1M S1oNJISu0d
uape|-1139 @g 40 swdojanaq

S|ouuByd D1PINYY [9ASIRINW
UMM S1ONJISUOD JBINISBA

Jejnpjeaninw gg 4o wawdojanag

S1ONJISU0D UBPR|-||39

ag paziienasea Jo uswdolansg

Ajquiasse parewoine
Ag $10N15U09 Q€ 0S| pue

(mojjoy pue pijos) sadeys snotiea

Ul slaquouoiw [aboIpAy uspe|
-1199 sanunUOd Jo Jswdojansq

Exts!

anssiy abejied o®N
2119ads 10N N
S|9SSaA [euonouNy N
ol108ds 10N N
ol109ds 10N 2

anss|L N/O

d/id

POUYR N

felorewolg

S|PD

Apnis

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Adv Mater Technol. Author manuscript; available in PMC 2021 August 01.



Page 53

Davoodi et al.

VYa93d) awejhioelp

109416 auajAyeAjod
(VINIR9D)
S19N13SU0I Jejnpow (sjabouoiw) S[199 Wals [ewAyouasaw 1AojA1oey1ow UOISNIIX30401W
[o8T] Noam T |euoISuaWIP-2a1y L %0/ Uey) alow s|199 a)buls uewny juszodiniy une|ab ‘usbouniqi4 + 4N
(2-401N)
S|199 Jaaued 1sealq {(£62-M3H)

sadeys ainjonnsoloiw s[199 Asupny olwoAuqus uewny  (Y@o3d) aiejAioelp

Toog] skep € JUETET I g] sAep € Jaye 9,08 ueyr Jaybiy S8INJONIISOIIW 'S[199 15€]q04q1y 3SnoW 6261 109416 ausjAyraA|od 4N
skep (soswa) (YWI199)
8¢ 10} palpnis sem S[]99 Wals [ewAyouasaw 1AojA1oey1ow
6621  UOIBIUBIBMIP [18D saJaydsoloiw sAep / 10} 9%09< saJaydsoloiw paALIap MOJJeW auog uneRo 4N
. Kep 1e spioJayds 10} %20°'0%.8'26
pue sjuswe|ly 10J %€ 0FEC' L8
usamiaq ‘7 Aep 1e sp1oayds 10} %90°0¥66'6. (uomisodap
u1 paysodap spioJayds pue Ssjuswelly 10} %0'0F90°9. pioJayds
(190 ynm sjusweyy T Aep Je sploJayds 104 %650°0¥ST"09 Juauelly (59d0) s1192 + UOISN.X?)
[ser] SHIOM g 10 aInonns s pue sjuawe|ly J0} %0 0F26'Sh pue spioJayds Joyuaboud abejie)d aeuible Bunuid Jusinouo)
(VH)
speaqoJoIw (SOSIAY) 1199 pIoe o1uoInjeAy
[862] SY9aM SaY2IUCIOIN SUrz J94e %0.L 1192 81Buis wa)s [ewAysussaw uewnH u1 uabourqy 4N
prouefio
[881] skep 06 -0101W 8)1]-p10D P OE 19A0 9508~ spiouefiooloiw sise|qouqly ‘sa1hooredaH areulb|y 4N
Jayng ay} 0} Jajsues)
1914 Ajareipawiwi 1e (AjaAnoadsal (sps3)
(sjabouoiw) ‘S|199 STW OIN-d4A-SDOA pue (sjabouoiw) S[]99 Wals d1uoAIquIa auLINw
[62] VIN SPe3qoLIN T4 104) %9'T+0°08 PUB %G'C + 9'6. SPeaqoIoIN O3N-d4A-GOA pue 1y asoseby 4N
s|199
[ze2] shep ¢ uelfewwew a1buls sAep 01 dn 10} 9508 JaN0 1199 31buls S|199 2£6N 9nAd0UOW UBWNH 89-4 d1uoin|d 4N
uoIsnIIxa

feer] VIN A INESSE VIN spioJayds sise|qouqyy [SOINS asoseby ‘onadidoolin
oY swll 8Inpnis Anpgein wo4 1BD elLeEe N poyr N

Author Manuscript

‘¢ slqeL

Author Manuscript

‘(swn) Aujigelnp wisy-buo)
pue a1nonas ‘AljIgelA 1199 ‘[elsarew ‘poylew Bunuiidoiq syl Buimoys saipnis “(41A) Bunuiidoig 21pInjoldiw ul pasn s|193 ay1 Jo swoj pue sadAl payiodey

Author Manuscript

Author Manuscript

Adv Mater Technol. Author manuscript; available in PMC 2021 August 01.



	Abstract
	INTRODUCTION
	EXTRUSION 3D BIOPRINTING
	Basic principles
	Applications
	Skeletal muscle tissue engineering
	Cardiac tissue engineering
	Tubular/vascularized tissue engineering
	Osseous and chondral tissue engineering
	Skin

	Limitations
	Recent advances: integration of microfluidic techniques

	MICROFLUIDIC BIOPRINTING
	Basic principles
	Technique
	Applications
	Skeletal muscle tissue engineering
	Cardiac tissue engineering
	Tubular and vascularized tissue engineering
	Osseous and chondral tissue engineering
	Fabrication of organoids

	Limitations
	Recent advances

	PRINTING PARAMETERS AND PROMISES IN BIOPRINTING
	Cell viability in microfluidic bioprinting
	Extrusion and microfluidic bioprinting versus other techniques

	CURRENT CHALLENGES AND FUTURE PERSPECTIVES
	CLINICAL TRANSLATION OF 3D BIOPRINTING
	CONCLUSIONS
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Figure 8.
	Figure 9.
	Figure 10.
	Table 1.
	Table 2.

