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Biomimetic Tissues and Organs

Elham Davoodi, Einollah Sarikhani, Hossein Montazerian, Samad Ahadian,
Marco Costantini, Wojciech Swieszkowski, Stephanie Michelle Willerth, Konrad Walus,
Mohammad Mofidfar, Ehsan Toyserkani, Ali Khademhosseini,* and Nureddin Ashammakhi*

1. Introduction

Next generation engineered tissue constructs with complex and ordered

architectures aim to better mimic the native tissue structures, largely due

to advances in 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 circum-
vent the downsides associated with extrusion printing, microfluidic technolo-
gies 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 biomol-
ecules. Microfluiding bioprinting technology enables highly controlled fabrica-
tion 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, however,
needed to fully demonstrate the effectiveness of the technology in the lab and

its translation to the clinic.

The increasing demand for tissue grafts(=3!
and organ repair and regeneration*’! has
led to the development of 3D bioprinting
as a new modality for fabricating viable
tissue constructs.® 3D bioprinting is
an additive manufacturing process where
cell-laden structures are laid down in a
layer-by-layer fashion to obtain 3D tissue
structures.!'! To achieve this, various types
of 3D bioprinting techniques have been
developed, such as microextrusion, 3]
inkjet,1-18] laser-assisted,’*21l and stereo-
lithographic (SLA) printing methods.22-24

Microextrusion bioprinting is one of the
most common types of additive manufac-
turing techniques,’® 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.?®! Microextrusion relies
on the application of force to dispense the
biomaterial from the syringe or nozzle.l*’!
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Microextrusion bioprinters can print a wide variety of materials
with different viscosities.[?®! 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.l'*2¢ Microextrusion bioprinting has the advan-
tage of printing constructs with high cell density in a control-
lable 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 and 90 um diameter noz-
zles were found to be 86% and 46%, respectively.['’]

Inkjet printing is considered an important type of printing
of living cells as droplets.?I3% Inkjet-based printers can uti-
lize 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 conveni-
ence. 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 nonuniform droplets.?831

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. *234 A laser pulse evaporates
the bioink, creating an expanding bubble followed by jet forma-
tion and finally deposition of a droplet onto the receiving sub-
strate. The resolution of this technique can vary with changing
parameters, such as viscosity, printing speed, pattern topology,
and laser pulse energy.’>3? One of the main advantages of this
method over other types of bioprinting is its high resolution
and accuracy of the printed pattern.?¥ In addition, cell loading
capacity in this method is comparable to microextrusion-based
bioprinting method.l*”) However, preparing each ribbon for each
type of biological agent is time-consuming and challenging in
case of printing with multiple cell lines.>®!

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.13%
SLA printing has high accuracy and precision fabrication that
can print light-sensitive bioinks.) However, there are some
limitations for the use of SLA bioprinting, such as the limited
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number of biocompatible materials available for the SLA bio-
printing, time-consuming UV crosslinking process, which can
be harmful to the incorporated biological components.“0#
These bioprinting methods have been used to fabricate var-
ious types of tissue constructs, such as cardiac,””*! vascular,>*
muscle,®1 and cartilage.’?>% However, these tissue constructs
often fall short of being completely functional after their fabrica-
tion. 3D bioprinted constructs should recapitulate as much of the
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native tissue function as possible. It should be noted that native
tissues consist of matrices comprised of various phases of fibrous
and fluid materials.®~8 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 devel-
oped 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 sys-
tems with traditional extrusion-based bioprinting facilitates tuning
the structural and compositional properties of tissue constructs
during the printing. Microfluidic fabrication techniques/®®-62
enable the control of minute amounts of liquids,63-%% cells,0¢67]
and molecules.[®®% Tt is also possible to empower these systems
with various control tools, such as valves’®72l and sensors.">7! It
was demonstrated in several studies that microfluidic devices can
be used to produce fibers using wet-spinning technique.”*7®! The
latter technique can also be used in 3D bioprinting.”*# Microflu-
idic-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,B# hollow structures,+8% and various
other combinations by using microfluidics-based methods.-%
These developments represent an early step toward adding incre-
mental complexities to 3D bioprinted constructs to make biomi-
metic tissues and organs.

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 trans-
lation of such studies to the clinic are described.

www.advmattechnol.de

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.l?®%9-92] Current extrusion-based 3D bioprinting
strategies can be divided into four different groups: i) direct
ink writing (DIW), ii) coaxial 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 col-
lapse of the extruded structure.*>-%

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.**%! 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 %12 or formulating
complex biopolymer blends.[¢1931%4 However, tuning the rheo-
logical 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 coaxial extruders.[8105-10%]
This strategy has attracted much attention as it offers several
advantages, including high printing resolution and accuracy
and the possibility to process several biomaterials and modu-
larity."% This printing strategy consists of delivering bioink and
a crosslinking solution separately through inner and outer noz-
zles. In the case of the multiaxial nozzle, the outermost nozzle
is used to deliver a crosslinking solution, while the inner noz-
zles deliver one or more bioinks or templating solutions.’? In

‘ Extrusion-based bioprinting
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Figure 1. lllustration of the most popular extrusion 3D bioprinting strategies. Reproduced with permission.l®?l Copyright 2018, IOP Publishing.
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particular, this technique decouples the printing accuracy from
bioink rheological behavior.!1112]

Another approach consists of extruding a bioink directly into
a coagulation bath that triggers its gelation.'!" 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.®? The lack of proper adhesion between consecutive
layers in the 3D construct is another challenge. This often leads
to structural instabilities that limit the application of bioprinted
materials." Furthermore, it requires rapid bioink gelation. How-
ever, this strategy offers high flexibility in material selection.*

A more sophisticated approach for extrusion bioprinting
involves free-form reversible embedding, which consists of
extruding bioink into a pseudoplastic or granular bath."6-118] [n
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 rheolog-
ical 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"®8l and continues to attract more atten-
tion 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.'") 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 struc-
tures.[120121] [n addition, engineered muscle tissues can be used
as drug screening models.?2l Kim et al. 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.'?3l 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 al. developed a
decellularized skeletal muscle extracellular matrix (ECM)-based
bioink for skeletal muscle fabrication.’” This bioink could sup-
port 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
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of the bioink. This bioink could also mimic the native muscle
tissue structure and function, which makes it a promising bio-
material 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.*¥! 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 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 car-
diac 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.'?4
A growing body of research has focused on untangling these chal-
lenges by implementing extrusion 3D bioprinting techniques.

3D cardiac tissue constructs can be obtained by using 3D
printing of biomaterials combined with appropriate cells. For
example, Gaetani et al. bioprinted cardiomyocyte progenitor
cells/alginate constructs with various concentrations of sodium
alginate (5%, 7.5%, and 10%).123 The final 3D printed cardiac
tissue construct contained a homogenous distribution of the
cells. Higher values of alginate content (75% 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 methacry-
loyl (GelMA)-coated gold nanorods (G-GNRs) combined with
alginate hydrogels, cardiac fibroblasts, and CMs for bioprinting
of 3D cardiac tissues.%! Introducing GNRs in the bioink not
only facilitated the printability due to the shear-thinning effect,
but also promoted cell to cell interactions, mitigated overprolif-
eration of cardiac fibroblasts, and led to the synchronized con-
traction of the tissue. The bioprinting process included coaxial
extrusion of the bioink and CaCl, through internal and external
needles of the nozzle followed by UV light exposure for covalent
crosslinking of GelMA. Printing speeds of 5 and 10 pL 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 decellu-
larized ECM (dECM) were developed and used for extrusion-
based bioprinting of prevascularized 3D tissues that can mimic
the cardiac microenvironment.'l Multimaterial bioprinting of

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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prevascularized constructs was enabled by two robotic microex-
trusion printheads for printing various bioinks laden with dif-
ferent 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
prevascularized 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 angio-
genesis is the formation of blood vessels from existing ves-
sels.[127128] Recently, a growing body of literature has emerged
around constructing 3D vascularized tissues that try to mimic
the native vascularization system. For example, Norotte et al.
used micropipettes of 300 and 500 um diameter to produce
smooth muscle cells (SMCs) and fibroblasts containing pel-
lets for extrusion bioprinting of spheroids and cylinders
that were used to construct tubular structures in a layer-by-
layer fashion.'?’l They also used agarose rods as templets
(0.9-2.5 mm in diameter). The fusion of bioprinted cellular
units occurred and branched tubular structures having mul-
tiple layers were obtained (Figure 2A).

To engineer a blood vessel-like structure, Skardal et al. used
microcapillary (inner diameter of 500 um) tube-style bioprinting
of fibroblast-laden filaments.*% Tetra polyethylene glycol (PEG)
was converted to tetra-acrylate derivatives and used for rapid
crosslinking of thiolated hyaluronic acid (HA) and gelatin deriva-
tives (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 coaxial
fabrication system was used.!3 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 rein-
force 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 al. using coaxial pressure-assisted robotic system
(wall thickness of 200 um).'32 Hollow fibers were also developed
using chitosan but they were found to be fragile. Increasing dis-
pensing 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.
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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.® The cell responsive
bioink was developed with a combination of GelMA, sodium
alginate, and 4-arm PEG-tetra-acrylate (PEGTA). The coaxial
extrusion system was used to fabricate the vasculature net-
work. 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 optimiza-
tion 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 diam-
eter of 500-1500 um, 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..”! The 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 coaxial nozzle.*¥ 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.'*¥ Shim et al. employed a multi-
head bioprinting system for constructing 3D porous osteochon-
dral tissue.'® The integrity of the 3D tissue was maintained
through printing a framework of PCL surrounding the con-
struct. The PCL was dispensed in the form of a porous frame-
work and two bioinks of alginate loaded with osteoblasts and
chondrocytes were sequentially bioprinted in the pores. Osteo-
blasts and chondrocytes showed the viability of 95% and 93%,
respectively, after 7 days post-printing. In another study, Kesti
et al. developed a chondrocytes-laden bioink consisted of gellan,
and alginate integrated with the cartilage ECM particles.['3¢

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Extrusion bioprinting of vascularized tissue. A-i) Complex 3D 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 um and branches
pointed with solid and broken arrows are 1.2 and 0.9 mm, respectively. vi) Fluorescent image of the tubular structure showing the fusion pattern
after 7 days of printing. Scale bars: iv) 2.5 mm and v) 1.2 mm. Reproduced with permission.['?’l 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.
i) 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 im. Reproduced with permission.[3% Copyright 2010, Elsevier. C-i) Single-arm robotic printer with coaxial
nozzle. ii) Schematic of the coaxial 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, and vii) 5 mm. Reproduced with permission."" Copyright 2013, IOP Publishing.

The bioink was extruded sequentially with the help of poly-
meric support to maintain the structural integrity of the over-
hanging regions. The proposed printing process included: 1)
Loading the bioink and polymeric support (mixed with small
amounts of cations) in separate syringes and extruding sequen-
tially. 2) Diffusion of the cations from the support material to
the periphery of printed construct where crosslinking is initi-
ated. 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

Adv. Mater. Technol. 2020, 5, 1901044 1901044 (6 of 30)

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
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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 col-
lagen and elastin fibers along with dermal fibroblasts. The last
and deepest layer of skin, the hypodermis, is made of vascular-
ized 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% w/v 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 um 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.'¥”) Admane et al.
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% wv 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.['*® Finally, Jorgensen et al. demonstrated a trilayer
bioprinted skin model composed of human keratinocytes, mel-
anocytes, 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 col-
lagen remodeling to be used as a graft for wounds. The results
of this study showed an increase in wound closure by epitheli-
zation 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. [13%

2.3. Limitations

Extrusion 3D bioprinting techniques are powerful tools for
the engineering of constructs that can closely resemble the
native tissues.1028140 However, these methods suffer from
some disadvantages and they pose challenges. The first and
major drawback is the limited number of biomaterials avail-
able for bioink formulation.['>%°] Therefore, in order to improve
the performance of 3D bioprinted constructs and printing
capacity, researchers have to: i) formulate new blends out of
available biopolymers,*%3 ii) include additives (e.g., par-
ticles and fibers) in the bioink formulation or introduce new
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groups via chemical modification,***%] 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 lim-
ited degree of biomimicry of currently developed bioinks.
These bioinks often contain synthetic (e.g., Pluronics!6-148))
or natural polymers (e.g., alginate "> and chitosan!'>>-154)
that are not found in the native ECM and thus bioprinted con-
structs are not capable of remodeling. The ECM plays a key role
in tissue regeneration by directly modulating cellular response
and behavior.>>7] Thus, bioinks should also be formulated to
mimic the native ECM to prompt rapid and efficient feedback
from the contained cells. Toward this direction, some studies
have used dECM as bioinks.’®13815] However, additional work
is required to improve dECM mechanical properties and sta-
bility as it tends to rapidly degrade during culture.l'®®l Another
important issue that still has to be addressed is how to enable
the simultaneous deposition of multiple cells and biomate-
rials to fabricate complex and heterogeneous structures.!'®!
This feature is essential to mimic the structural organization
of the native tissues and to recapitulate their functionalities in
vitro. In the past few years, an increasing number of studies
have partially addressed this topic.[°>1621%4 However, printing
resolution (=0.1-1 mm)*1%] 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 pum s7!, which is lower than that of
other 3D bioprinting systems, such as drop-on-demand
bioprinting (1-10 000 droplet s7!) and laser bioprinting
(200-1600 mm s71).1%] The bioprinting speed is a key impor-
tant parameter for future scale-up of technologies and
obtaining engineered constructs in clinically relevant sizes.!!'!’]
Finally, the high volume of bioprinted constructs will require
addressing a well-known tissue engineering problem, the inte-
gration of a functional vasculature within the bioprinted con-
structs.[1>167 Despite a number of studies have addressed this
challenge,l1%-170] 3 reliable strategy is still lacking, especially for
the manufacturing of microvascularized system.['¢’]

2.4. Recent Advances: Integration of Microfluidic Techniques

Extrusion 3D bioprinting technique remains as one of the most
popular strategies in 3D biofabrication”! and researchers are
constantly improving this method. One of the main recent
advances in the field is the integration of microfluidic sys-
tems to extrusion 3D bioprinters. >8% Such devices represent
a breakthrough, as they enable: i) a precise manipulation of
volume of bioinks to be extruded,'®! ii) simultaneous extru-
sion of multiple inks through the same nozzle (thus allowing
to fabricate heterogeneous structures that can better mimic the
native ECM and cellular organization),">'l and iii) possibility
to create a priori complex bioink patterns,19M graded 72 or
layered structures!®>1% that can be precisely laid down as fibers
thanks to low Reynolds number that prevents bioink mixing.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOLOGIES

www.advancedsciencenews.com

www.advmattechnol.de
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Figure 3. Microfluidic bioprinting principles. i) Schematic of a microfluidic 3D bioprinting system depicting a ii) two material PDMS microfluidic print-
head with integrated pneumatic valves and iii,iv) coaxial flow focusing extruder capable of generating hydrogel fibers with diameters =60 to > 400 pum.
Integration with a 3-axis positioning system and custom software enables a variety of multimaterial structures to be fabricated including. Reproduced with
permission.”?l Copyright 2013, IEEE. v) Tubular structures with inter-layer switching and vi) concentric tubular structures with in-plane intralayer material
switching. Flow control overthe 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 postprinting. 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.

All these advantages have brought new potentials for enabling
the fabrication of advanced constructs. The complexity of bio-
printed 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,”3l such advances should be accompanied by an improve-
ment 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 (107 to 107 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 controllable manner make the use of microfluidic systems an
attractive tool to integrate into 3D bioprinting technology. [74-176]
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In microfluidics-assisted 3D bioprinting, fluid bioink flows
through microchannels (Figures 3 and 4A,B), which allows
control of flow,">#%71 switching,® and mixing of compo-
nents,'®8] in a precisely controlled manner.”*'% Moreover,
microfluidic bioprinting is associated with reduced shear stress
during the process. This can be attributed to the sheath flow
surrounding the laminar core.'®! In addition, efficient control
of morphology,®! dimensions,®? and direction of produced
objects can be achieved. When combined with extrusion bio-
printing, microfluidic processing can improve the resulting
resolution of the printing procedure’?l beyond the current
resolution of microextrusion (=50 um).!

3.2. Technique

Bioink, the basic cell-laden biomaterial used when 3D bio-
printing, 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 multinozzle system can also be used in microfluidic bio-
printing. Bioinks may also be extruded separately, and then
combined after they exit from independent orifices, to produce
structures having core-shell composition.'®3 Although dif-
ferent approaches of microfluidic bioprinting were developed
by different groups,[1880.189.112,129,18L184-188] fi;rther improvements

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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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 mate-
rial by independently actuated syringe pumps. ii) 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.l¥ Copyright 2015, Wiley-VCH. B-i) Schematic of the microfluidic chip for alginate microfibers formation. i) 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 versus homogenous cell distribution
within alginate microfibers when employing straight channel and snake-shape channel microchips. v) Optical and vi) fluorescent images of sarcoma
osteogenic (Sa0S-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.[®l Copyright 2015, Elsevier.

in the efficiency of bioprinting processes are still needed. In
microfluidic printing, a T or Y chip can be used for feeding mul-
timaterials into the printing head (Figure 4A).!1% 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 summarizes 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 coaxial flow-focusing with inte-
grated 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 modula-
tion 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

Adv. Mater. Technol. 2020, 5, 1901044 1901044 (9 of 30)

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.'8! Alter-
natively, 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 coaxial microfluidic bioprinter
for the production of porous 3D structures.® 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 res-
olution. The coaxial system is useful for processing polymers

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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that have slow gelation, such as the ECM proteins, and hence
they cannot be printed directly in one phase by microfluidic
bioprinting.® In such cases, a coaxial 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.'® 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 algi-
nate 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 ini-
tial ECM proteins were gradually replaced by newly cell-laden
ones.l 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 carboxy-
late, silver nanoparticles,'? or particulate ECM.[8 Further-
more, a gradient of cells, biomolecules, and biomaterials can
also be built using microftuidic bioprinting.['*!

www.advmattechnol.de

Using microfluidic systems, not only cell-laden microfibers
but also few!®3 to one cell encapsulation,8¢1%1%] or micron-
iches!™ can be produced (Figure 5A,B). Microgel encapsula-
tion was found to prolong the residence of injected cells and
soluble factors in vivo.'®! Using this strategy, tissues can
be built up block by block, in a controlled fashion.[86:19419]
By emulsifying an MSC and chondrocyte containing photo-
crosslinked poly(ethylene glycol) diacrylate (PEGDA) prehy-
drogel 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).%% Fast on-chip stabilization was used for pre-
venting droplet coalescence. Moreover, cell viability was more
than 70%. Microgels were incorporated into other biomaterials
to produce macroconstructs. For example, they were incor-
porated 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 fibrin-
ogen material and subsequently cultured for one week.®% This
resulted in the formation a vascularized construct. Although,
microfluidic 3D bioprinting can be used to produce objects of

Table 2. Reported types and forms of the cells used in microfluidic bioprinting (MF). Studies showing the bioprinting method, material, cell viability,

structure, and long-term durability (time).

Method Material Cell Form Viability Structure Time Ref.
Micropipette, Agarose Smooth muscle cells Spheroids N/A vessel like N/A [129]
extrusion (SMCs); fibroblasts
MF Pluronic F-68 Human monocytic Single cell over 80% for up to 4 days Single mammalian 4 days [232]
U937 cells cells
MF Agarose R1and YC5-YFP-NEO  Microbeads 79.6 +2.5% and 80.0 + 1.6% Microbeads N/A [297]
murine embryonic stem  (microgels) (for R1 and YC5-YFP-NEO mES (microgels)
cells (ESCs) cells, respectively) at immediately
after transfer to the buffer
MF Alginate Hepatocytes; Microorganoids ~80% over 30 days Cord-like 90 days [188]
fibroblasts microorganoid
MF Fibrinogen in hyaluronic  Human mesenchymal Single cell 70% after 24 h Microniches 4 weeks [298]
acid (HA) stem cells (hMSCs) microbeads
Concurrent printing Alginate Cartilage progenitor Spheroids 43.92 +0.04% for filaments 3D structure 2 weeks [185]
(extrusion + cells (CPCs) and filament and 60.15 + 0.05% for spheroids of filaments
spheroid deposition) at day 1; 76.06 + 0.04% for filaments with cell spheroids
and 79.99 £ 0.06% for spheroids deposited
at day 4; 87.23 £ 0.03% for filaments in between
and 92.87 £ 0.02% for spheroids
atday7
MF Gelatin methacryloyl Bone marrow derived  Microspheres >60% for 7 days Microspheres Cell [299]
(GelMA) mesenchymal stem cells differentiation
(BMSCs) was studied
for 28 days
MF Polyethylene glycol 1929 mouse fibroblast Microstructures Higher than 80% after 3 days Different micro- 3 days [300]
diacrylate (PEGDA) cells; human embryonic structure shapes
kidney cells (HEK-293);
breast cancer cells
(MCF-7)
MF + microextrusion Fibrinogen, gelatin Multipotent human Single cells More than 70% 3D modular 1 week [186]
methacryloyl (GelMA), mesenchymal stem (microgels) constructs

polyethylene glycol
diacrylate (PEGDA

cells (MSCs); bovine
chondrocytes; endothe-
lial cells
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Figure 5. 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.??l Copyright 2016,
Wiley-VCH. B) Selectively gelation of microniches: i) The process starts with injecting hydrochloric acid and ethylenediaminetetraacetic acid
(HCL/EDTA) matrix precursors, diluted solution of CaCo;-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 CaCoj and realize Ca?" ions that activate FXIIl and results in on-demand gelation. ii) Droplets in the collection channel. iii) Fluorescent
image of the cells (blue: nuclei). Reproduced with permission.™ 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.[®8 Copyright 2017, Wiley-VCH.
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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.®] Tn a study by Costantini et al., muscular tissue
composed of myofibers was obtained by the use of coaxial
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 myo-
tubes 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.
It remains to examine such engineered tissue as a model for
muscle tissue, e.g., for drug testing studies.1%%]

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 hetero-
geneous 3D tissue constructs can be achieved by using low-
viscosity bioink and microfluidic bioprinting.'®!l Colosi et al.
produced a 3 mm thick synchronously-beating cardiac tissue
that was formed by seeding CMs into printed porous EC-laden
fibrous construct.™ The construct was formed by stacked
layers (n = 30) of fibers (150-300 um fiber-diameter) spaced by
200 um forming an interconnected mesh. The layers were cova-
lently-bonded together by using UV. The fibers were produced
from alginate/GelMA by using a coaxial needle in the extrusion
system coupled with combining Y-shape microchannel micro-
fluidic device. Bioink (alginate, GelMA, photoinitiator, and
cells) was fed into the internal needle and crosslinking solu-
tion (CaCl,) into the external needle. The alginate prevented
spontaneous gelation of GelMA 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. Afterward, 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 vascu-
larized highly-oriented 3D cardiac tissue construct by using a
high-resolution microfluidic bioprinting method.'”! They used
ECs and induced pluripotent stem cell (iPSC)-derived cardiomyo-
cytes (iPSC-CMs)-laden alginate and PEG-fibrinogen hydrogel
as bioink. Vascularization was obtained from the proliferation

Adv. Mater. Technol. 2020, 5, 1901044 1901044 (15 of 30)
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of ECs along the printed fibers. In another paper, a uniformly
beating endothelialized myocardium was obtained by using a
coaxial microfluidic printing system.['"”) 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 pm 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, GelMA, and photoini-
tiator (Irgacure 2959). The bioink was delivered through the
core needle while the crosslinking solution (CaCl,) through
the sheath needle. The printed constructs were then kept in
culture. It was found that alginate dissolved and leached out
from microfibers in =5-10 days resulting in large pore forma-
tion, 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 al. by using micro-
fluidic bioprinting method and two-step crosslinking.'”] 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 rep-
resent important steps in the fabrication of vascularized and
functional cardiac tissue, it remains to demonstrate the func-
tionality of the vascular tree by testing for perfusion and inte-
grity of vessels.?%7% 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 con-
structs to ensure their integration into the host tissues and
function.M2115167.198] One approach for developing vascular-
ized tissue is to use sacrificial approach materials, such as
Pluronic F127,70199200 gugar, 20 carbohydrate-glass,? aga-
rose,[108:203.204] o1 gelatin.[?9%] Other methods can be achieved by
SLAM-2%] or block assembly.l'?%) Pi et al. employed microfluidic
bioprinting for the biofabrication of a multilayered cell-laden
tubular tissue construct in a single step.’%) A coaxial nozzle
system was utilized for extruding bioink constituted of GelMA,
alginate, and PEG acrylate. This could be used to develop vas-
cular 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 mul-
tilayer ring, the 3DBioRing, from an alginate-based bioink that
contained primary human airway smooth muscle (ASM) cells
(Figure 3x).272%8 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

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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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 (HUVECs) and human smooth muscle
cells (h\SMCs) encapsulated within the tubes on day 14. Scale bars: ii,iv) 1 cm, v) 500 um. Reproduced with permission.[®l Copyright 2018, Wiley-VCH.
B-i) Coaxial microfluidic nozzle for hollow Ca-alginate filaments formation. ii—v) Continues gel layer with embedded single and dual layer channels.
i) 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. Adapted with permission.'®l Copyright 2016, SPIE.

(each roughly 1 cm in diameter, created with multiple layers of
stacked =100 pum ionically crosslinked fibers) exhibited a dose-
dependent contractile response when treated with histamine
(EC50 of 0.6 x 107® m versus 2.7 X 107® m 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 x 10~ M versus
40 x 10~° M for human PCLS). The contractile rings were also
placed in cryostorage for 48 hs and continued to show a com-
parable contractile and relaxation response. This demonstrated
the potential to preserve 3D bioprinted tissues. Later, Dickman
et al. extended the platform to intestinal and skeletal muscle
tissues.?% In a study by Selvaganapathy et al., it was demon-
strated that perfused multilayer constructs have maintained cell
viability, while this was decreased in nonperfused constructs.
The constructs had channels that were formed by using coaxial
bioprinting of EC-laden alginate structures.’®”! The microflu-
idic nozzle had a needle embedded into the L-shape channel
of the printhead. CaCl, was fed through the internal needle

Adv. Mater. Technol. 2020, 5, 1901044 1901044 (16 of 30)

and bioink through the external microfluidic channel of the
system (Figure 6B). This led to crosslinking of the inner sur-
face 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 pos-
sible 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.®¥ 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 GelMA and PEGTA.
This technique, when used with needles of different sizes, pro-
duced various diameters and wall thickness. It should be noted
that thick walls may compromise reaching oxygen and nutri-
ents to cells, while thin walls may not be mechanically stable or
have sufficient room for cells. Thus, a nozzle having an external
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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 ethylenediami-
netetraacetic acid EDTA. Constructs having up to 10 layers and
having a size of 9 x 8 x 7 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 degrada-
tion and thin walls was observed. Although this new technique
is better than conventional microfabrication or sacrificial tem-
plating approaches that were used for producing perfusable
vascular structures, designing better bioinks is required in
order to produce vessels with more stable mechanical proper-
ties, 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.*!!
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 coaxial microfluidic device.?'!! They devel-
oped 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 con-
sisted of three inlets to build the double layer tubular micro-
fiber. HA injected into the 1st inlet (the channel in the center
of the microfiber) shaped the tubular form of the fibers, while
cell-encapsulated alginate/GelMA injected through 2nd and 3rd
inlets shaped the middle and outer layers of the tubular micro-
fibers. 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 379 to 72.5 pm
and from 34.8 to 62.5 um (after 7 days of culture) for MG63
and human umbilical vein endothelial cells (HUVECsS), respec-
tively. 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 (hMSCs) and human articular chondrocytes (hACs) have
been precisely compartmentalized mimicking the chondral
region, i.e., calcified and hyaline cartilage—presents in the
joints.l”2 The extrusion system consisted of a microfluidic
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device bearing a Y-junction downstream connected to a passive
serpentine-based mixing unit compatible with multimaterial/
multicellular deposition and rapid switching/mixing among
two different bioinks. By exploiting such an extrusion system
in combination with instructive bioinks mimicking the com-
position of the different zones present in the native articular
cartilage, the authors showed an in vitro heterogeneous differ-
entiation of hMSCs within a single construct that partially reca-
pitulated the native chondral region when tested in vivo.

3.3.5. Fabrication of Organoids

The use of microfluidics enables also the building of orga-
noids.?'?l Organoids were developed by coculturing pluripotent
and adult cells with matrix and biomolecules, and they were
found to have autonomous self-assembly.?3] Yamada et al. used
microfluidic channels (50 mm long and 160 pm deep) to con-
trol precise positioning of hepatocytes and feeder fibroblasts
in alginate microfibers.®® Subsequent culture and alginate
removal using alginate lyase led to the formation of scaffold-
free hepatic microorganoids (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 cul-
tivation (without fibroblasts) in hydrogel fibers (Figure 7).

3.4. Limitations

One of the challenges with the use of microfluidic 3D bio-
printing 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.'® Thus, careful design of hardware and bioinks is
required.? 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.?1>-2"]

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 liter-
ature.”’®! In this case, the volatile sheath flow evaporates just
after dispensing from the nozzle due to the high vapor pres-
sure. 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 pro-
cess, however there are some limitations. Using PDMS print-
heads is limited to low extrusion pressures since the flexibility
of PDMS.2® 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, fabri-
cating PDMS microfluidic chips may require the use of multi-
step photolithography processes that can be challenging and
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Figure 7. 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-immu-
nofluorescent staining of hepatocytes-encapsulated microfibers with and without 3T3 using CK18 (green) and vimentin (red) antibodies (green: hepato-
cytes; 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 um, iv) 100 um, v) 50 um, and vi) 200 um. Reproduced with permission.['88 Copyright 2012, Elsevier.

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.?'% In addition, it is tough to
scale up the microtissues and organoids fabricated by micro-
fluidic 3D bioprinting. Thus, the constructs have smaller sizes
than the actual human tissue.??% Microfluidic bioprinting is
limited to low viscose bioinks to decrease shear stress.?2!l How-
ever, microfluidic bioprinting of the fairly high viscose bioinks
with shear-thinning behavior was recently reported.???l The dis-
pensed material should be crosslinked at the very 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.+%2
Either the cells, the extracellular matrix, or crosslinked bioink
can clog within the channel pathways. For instance, microflu-
idic 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 neces-
sary to generate functional constructs that mimic the actual
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tissues/organs.??3 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.?2228 For instance, osteochon-
dral 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.??’!
Simultaneous compilation of multiple types of gradients in
material composition, cell type, density, and architecture sup-
ports 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.3>170230.231 Fast and smooth switching
between various bioinks in a precise manner is the key chal-
lenge in multimaterial 3D bioprinting techniques. Printing
using a single printhead is faster?'?l than with the use of mul-
tiple printheads.[188190.232] Using multiple separate printheads is
a slow process. Alternatively, the use of microfluidic channels
allows programmed switching between different inks,’%24 to
achieve sequential or simultaneous extrusion of different mate-
rialsBOMLI70184 Figures 3 and 8A) or cell types!'' (Figure 8B).
In addition, microfluidic printheads were combined with extru-
sion printing. The opening and closing periods of the valves
define the extruded length of each bioink.l”!l 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
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Figure 8. Multimaterial bioprinting. A-i) Fabrication process of 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 UCT 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 coaxial needle. iv-a) Schematic of the bioprinted microfibers before and after the migration of
the encapsulated human umbilical vein 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, h)200 pm, i) 50 um, and iv) 100 um. Reproduced
with permission.l" Copyright 2016, Wiley-VCH. 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. Repro-
duced with permission."? Copyright 2017, Springer Nature.

challenging.?* One other serious consideration in multimate-  bioprinting allows for efficient mixing,1*? easy deposition
rial 3D bioprinting is the risk of crosscontamination between  of multiple materials and gradient building in the resulting
the various materials especially when a single printhead is  construct. In an interesting work, Ober et al. developed a
used.??) Gradient compositions may also be obtained by the  microfluidic printhead, having an embedded rotating impeller
active mixing of different bioinks in various ratios that gradi-  to actively mix multiple inks (Figure 9A).2l In earlier reports
ently changes through the 3D printed construct. Microfluidic  on cell-laden microfibers, it was anticipated that the assembly
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Figure 9. 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 3D printing of constructs of multiple materials. iii) Cross-section images of 3D lattice constructs showing the
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with permission.®2l Copyright 2015, American Physical Society. B-i) Microfluidic extrusion system composed of ii) the microfluidic printing head and
iii) the coaxial adapter. iv) Mixing index heatmap is shown. v,vi) The schematic of the fabrication process and the final 3D bioprinted graded scaffold
are shown, respectively. Reproduced with permission. 72 Copyright 2019, IOP Publishing.

of multiple fibers having one or different types of cells will
enable the engineering of complex tissue constructs.?33l Idaszek
et al. developed a multimaterial microfluidic bioprinting system
for either separate or simultaneous deposition of bioinks to gen-
erate the constructs with heterogeneous properties by zonal pro-
gramming of the composition and microstructure.l”?l 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
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various regions of human articular cartilage, represented a
gradient transition from hyaline to calcified cartilage. A uni-
directional gradient of hMSCs was achieved by encapsulating
the cells in zone-specific bioinks and it was further confirmed
that coculture of hACs and hMSCs improved chondrocyte pro-
liferation and the quality of the hyaline cartilage. Thus, multi-
material 3D microfluidic bioprinting platforms can be utilized
for generating scaffolds that mimic complex-shape tissues/
organs such as osteochondral, osteotendinous, myotendinous,
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Figure 10. High-throughput microfluidic bioprinting. A-i) Schematic of the fabrication process of the coaxial microfluidic chips. i) Schematic of the plat-
form for a) high-throughput printing of fibers with various compositions employing several b,c) micromixers and coaxial flow channels with separate
inlets for sheath flow. iii) SEM images of a—c) hemicylindrical, rectangular and cylindrical combination, and hemi-coaxial-flow channels, respectively.
d,e) Microdroplets and continues flow formation through the coaxial-flow channels, respectively. f) Alginate microfiber formation through coaxial-flow
channel. iv-a) Generation of a stepwise gradient in the fluid passing the channels with in-line micromixers, b) high-throughput production of micro-
fibers, 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—c) 200 um, d,e) 700 um, and f) 1 mm and iv-a,b) 1 mm and c) 100 um. Reproduced with permission.l®
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 (inlet above) and yellow (inlet below) inks. ii,iii) Optical images of multilayer construct of 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 3D construct after removing the sacrificial wax. Scale bars:

i) 5 mm, iii,iv) 2 mm, and v) T mm. Reproduced with permission.[?3 Copyright 2013, Wiley-VCH.

and neuromuscular tissues, where precise transient composi-
tion is needed. It is also possible to simultaneously produce
multiple fibers, each having different composition by using
coaxial microfluidic channels (Figure 10A).*°] High-throughput
printing of single and multiple materials was possible by using
a multinozzle 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 print-
head 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.!®!
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For example, Colosi et al. used a coaxial needle in an extrusion
system that was coupled with microfluidic device to produce
alginate/GelMA fibers containing aligned HUVECs and CMs
(Figure 8A).M Coaxial printing to produce core-shell con-
structs 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™? that allows also for building desired gradients in the
resulting construct.l?!?!

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
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to the final physical properties.?3>?3% 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/microfeatures 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.?’’] In the extrusion-based and microfluidic-assisted bio-
printing 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 cou-
pled 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 con-
structs. Besides, the scaffold stiffness, which is known to play a
vital role in regulating cell behavior in the ECM, is locally con-
trollable 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 reso-
lution 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.'””) Also, higher
bioprinting speed and pressure are associated with higher shear
stress levels applied to the cells which is unfavorable for main-
taining cell viability.l?*! Proper viscosity of the bioink is of great
importance for both extrusion and microfluidic bioprinting
processes. The low viscosity of the bioink diminishes the struc-
tural fidelity and high viscosity may result in nozzle clogging.
Extrusion-based bioprinters are able to 3D print bioinks within
the range of 30 to 6 x 10’ 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 bio-
printers 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 per-
forming under mild conditions for bioprinting. This process
involves avoiding high temperatures and aggressive solvents
that are not compatible with cells and more importantly devel-
oping bioinks with different properties and integrity that pos-
sess excellent properties for the bioprinting for encapsulating
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various cell types.2*32% Bioinks can have a significant effect
on cell viability in 3D bioprinting by promoting cell prolifera-
tion, differentiation, and interaction in the bioprinted structure.
The requirements such as printability, mechanical integrity,
biocompatibility, and biomimicry ability are among the impor-
tant properties that should be met when choosing or designing
the appropriate bioink materials.?*l The parameters of bioink
should be optimized considering the target tissue and its
properties, cell type and density to obtain desirable 3D struc-
ture. 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 deter-
mine 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 percar-
bonate (SPO), and calcium peroxide (CPO) within the printed
tissue construct.?®! 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.?*! In another
study, Khorshidi et al. fabricated CPO nanoparticles and incor-
porated them in PLGA microparticles to enhance control over
oxygen releasing of this material.?¥]

Appropriate bioinks can promote cell tissue interaction and
cellular activity. Another important aspect of bioinks is the bio-
mimicry ability of bioink that has a vital role in cell attachment
and activity. Biomimetic materials are able to control the cel-
lular interactions by binding the receptor to the ligands that are
present in the bioink. This affinity between ligand and recep-
tors 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 bio-
printing and cell viability.(?37-239242.248] Bioinks can be catego-
rized 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 biocompat-
ibility. 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.[?38 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.2*>2] Desirable shear stress can be achieved
by manipulating parameters such as nozzle diameter, the vis-
cosity 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 microflu-
idic 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 181249251
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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 dif-
ferent 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 rela-
tively 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~L1222% Bjoinks with high cell den-
sity are not printable, both from a viscosity and clogging per-
spective. 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 s7Y). Promising cell viability results also confirm their
potential for the fabrication of artificial tissue constructs. How-
ever, the printing matrix materials are usually limited to those
of photocurable polymers. Other drawbacks for this type of bio-
printers are the relatively high cost of printing and high prepa-
ration time.23%2%51 SL.A bioprinters can print at the high speeds
and have shown no limitation on the rheological properties of
the bioink.?> 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.2¥ 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 reca-
pitulate 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 main-
taining 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
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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 bio-
printing (extrusion bioprinting) to generate different tissue con-
structs, including vascular conduits and muscle tissues.88106:131
Other benefits of using microfluidic-based bioprinting include
the ability to generate constructs with better vascularization that
would help cell growth and differentiation.?”] Such technologies
can also enable the deposition of cells in defined areas to create
physiologically relevant structures, such as myofibers.l%! 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 tis-
sues 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.>® 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.1>>” 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 fea-
tures that enable them to respond to changes in their environ-
ment. Such materials can respond to changes in temperature,
pH, and other conditions, and these technologies will need to be
adapted to generate printable formulations. Microfluidic-based
3D printing can employ stimuli-responsive materialsi?%-2621 to
produce dynamic and 4D constructs for drug delivery tissue
engineering and actuator products.2%!

One of the long-term goals of 3D bioprinting is the ability to
produce clinical-grade tissues.[?*l However, translation of these
3D printed implants!"’3 and tissues to clinical applications will
require long-term in vivo testing to investigate the function-
ality 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 fea-
sibility and efficacy of this new therapy. Examples may include
the application of bioprinted constructs as skin grafts.[264

3D bioprinting of iPSCs has also been successfully achieved
by using novel microfluidic bioprinting technologies.?>126]
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 in effective 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,?°-26] 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.[?”"!
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6. Clinical Translation of 3D Bioprinting

3D 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 regen-
erative 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 some-
what limited and thereby scaling the fabrication process is chal-
lenging. Recently, protocols compatible with good manufacturing
practice (GMP)?Y and robotic systems!*? 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 bio-
printing 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.?’3-27!

Despite the fact that 3D printing has, to some extent found
its way to the clinical practice,?®’l we are still way far from
the wide translation of 3D bioprinting for solving biomedical
problems. 3D printing has been already used for rapid proto-
typing of damaged tissues from the stack of micro-CT images
taken from patients for the sake of surgical training as well as
surgical planning.[263276-278] Furthermore, clinical bone recon-
struction has largely benefited from 3D printing of customized
implants, thanks to the advance of metal biomaterials printing
technologies, such as electron beam melting %% and selective
laser melting.?®) However, when it comes to 3D bioprinting,
cells and biomolecules come to the picture and makes it diffi-
cult 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 struc-
tural 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 vasculari-
zation features that need to remain interconnected throughout
the printed structure. Inefficient vascularization within the
tissue implies the lack of oxygen delivery and nutrition diffu-
sion. Tissue vascularization has a detrimental impact on the
survival, integration, and function of any 3D construct that
may be transplanted.?®! 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.?8?! Other strategies of managing
this issue have been the incorporation of oxygen releasing
components within the bioink and suppressing the cellular
metabolism.?#}l 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?*? as a promising
solution to tackle the limitation of vascularization.
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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 geome-
tries, 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.?® Chemical and mechanical prop-
erties of bioinks and 3D bioprinted constructs vary overtime.
Most of the performance evaluations in vitro and 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 con-
struct 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 in vitro and in 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 in 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 accumus-
lating data. This complexity has led to having different regula-
tory and approval procedures in different countries. Addition-
ally, there exists a lack of standardized methodology for charac-
terizing the responses to the biological stimulations.'”3] 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 regenera-
tive role of 3D bioprinting should have specific attention, which
is seriously lacking in the case of 3D printed implants. There-
fore, it seems that there is a big demand for research on dif-
ferent aspects of 3D bioprinting, from bioink preparation and
processing, all the way to preclinical animal testing and transla-
tion 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 dis-
covery, product testing, and ultimately in the clinic. Conceptu-
ally, it broadly expands the design space and ultimately tissue
complexity as it enables us to have greater control over depos-
ited bioinks and resulting structures in terms of size, com-
position, 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
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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 con-
tinuous monitoring and control of the printing process. There
have already been many reported examples of direct applica-
tion 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 in 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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