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Abstract: Clinically, large diameter artery defects (diameter larger than 6 mm) can be substituted
by unbiodegradable polymers, such as polytetrafluoroethylene. There are many problems in the
construction of small diameter blood vessels (diameter between 1 and 3 mm) and microvessels
(diameter less than 1 mm), especially in the establishment of complex vascular models with multi-
scale branched networks. Throughout history, the vascularization strategies have been divided into
three major groups, including self-generated capillaries from implantation, pre-constructed vascular
channels, and three-dimensional (3D) printed cell-laden hydrogels. The first group is based on the
spontaneous angiogenesis behaviour of cells in the host tissues, which also lays the foundation
of capillary angiogenesis in tissue engineering scaffolds. The second group is to vascularize the
polymeric vessels (or scaffolds) with endothelial cells. It is hoped that the pre-constructed vessels
can be connected with the vascular networks of host tissues with rapid blood perfusion. With the
development of bioprinting technologies, various fabrication methods have been achieved to build
hierarchical vascular networks with high-precision 3D control. In this review, the latest advances in
3D bioprinting of vascularized tissues/organs are discussed, including new printing techniques and
researches on bioinks for promoting angiogenesis, especially coaxial printing, freeform reversible
embedded in suspended hydrogel printing, and acoustic assisted printing technologies, and freeform
reversible embedded in suspended hydrogel (flash) technology.

Keywords: 3D bioprinting; organ manufacturing; tissue engineering; biomaterials; vascular networks

1. Introduction

Bioartificial blood vessel manufacture has been a long-term dream for human be-
ings [1]. To date, engineered tissues with thickness greater than 1 mm are known to have
difficulty in maintaining their normal cell viability without vascularization because the
nutrient/oxygen diffusion limit is approximately 100–200 µm. The in vitro culture of high-
density cells requires sufficient nutrients and oxygen to produce tissues with adequate
vascularized structures [2–5].

Anatomically, blood vessels in human bodies are organized into tree-like networks
with subsequent branches, which allow for the most efficient exchange of oxygen, nu-
trients and metabolic wastes (Figure 1). The tree-like arterial network contains aortas
(diameter > 6 mm), arteries (diameter 1–6 mm), arterioles (diameter 0.1–1 mm) and capillar-
ies (diameter 10–15 µm). Similarly, the tree-like venous network contains venae (diameter
5–20 mm), veins (diameter 1–5 mm), and venules (diameter ~ 200 µm). Large aortas deliver
oxygenated blood from the heart to arteries, then to arterioles, and finally to the capillary
bed. On the contrary, venules drain the oxygen-depleted blood from the capillaries into
venules, then into veins and finally venae [6]. Similarly, in a large vascularized organ, both
the arterial and venous networks are necessary for the internal blood circulation. So, in
order to achieve the internal blood circulation in a bioartificial organ, the basic vascular
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elements should include not only the hierarchical arterial and venous trees, but also the
medial capillaries in between the arterial and venous trees.
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blood supply within the engineered structures [6–8]. After implantation, prevascularized 
channels within the construct interconnect with the adjacent vascular network for rapid 
perfusion [9–12]. In addition, the cell-based techniques for promoting angiogenesis also 
involve the co-culture of stem cells with endothelial cells (ECs), which can provide func-
tional vasculature through constructs linked with host vasculature. Several groups have 
reported that ECs formed new blood vessels when they are co-cultured with neural 
progenitor cells [13] and mesenchymal stem cells (MSCs) [14]. For example, Koike et al. 
seeded human umbilical vein ECs (HUVECs) and 10T1/2 mesenchymal precursor cells in 
three-dimensional (3D) fibronectin type I collagen gel and implanted the 3D constructs 
into mice. A network of long-lasting blood vessels was constructed in mice and stayed 
stable in vivo for one year after operation [15]. Nevertheless, it was gradually realized 
that there were many inherent limitations for the traditional solid-scaffold-based 
‘top-down’ tissue engineering approaches to build thick vascular tissues and organs. 

In parallel, with the rapid development of 3D printing technologies, automatic 
vascular building approaches have made great contributions to vascular tissue/organ 
construction and angiogenesis. These technologies involve the printing of cell-laden hy-
drogels and polymeric scaffolds. By directional manipulation of different cell types in a 
3D space, a hierarchical vascular network with multi-scale and multi-branched struc-
tures, can be built in a layer-by-layer way, simulating the heterogeneity of natural vas-
cular tissues [16,17]. 

Figure 2 summarizes the methods of traditional tissue engineering and 3D bi-
oprinting approaches to construct vascular tissues. There are many advantages for vas-
cular tissue/organ engineering with the 3D bioprinting technologies. Especially, it is 
convenient to print different cell types and polymer systems using combined mul-

Figure 1. Hierarchical vascular tree and cross sections of different blood vessels, showing different
blood vessel structures.

Over the last three decades, the main strategies to promote angiogenesis include the
ingrowth of newly formed capillaries within the implanted structures from the host, and
by stimulating cell seeding with the help of prevascularized structures to achieve rapid
blood supply within the engineered structures [6–8]. After implantation, prevascular-
ized channels within the construct interconnect with the adjacent vascular network for
rapid perfusion [9–12]. In addition, the cell-based techniques for promoting angiogenesis
also involve the co-culture of stem cells with endothelial cells (ECs), which can provide
functional vasculature through constructs linked with host vasculature. Several groups
have reported that ECs formed new blood vessels when they are co-cultured with neural
progenitor cells [13] and mesenchymal stem cells (MSCs) [14]. For example, Koike et al.
seeded human umbilical vein ECs (HUVECs) and 10T1/2 mesenchymal precursor cells in
three-dimensional (3D) fibronectin type I collagen gel and implanted the 3D constructs into
mice. A network of long-lasting blood vessels was constructed in mice and stayed stable
in vivo for one year after operation [15]. Nevertheless, it was gradually realized that there
were many inherent limitations for the traditional solid-scaffold-based ‘top-down’ tissue
engineering approaches to build thick vascular tissues and organs.

In parallel, with the rapid development of 3D printing technologies, automatic vascular
building approaches have made great contributions to vascular tissue/organ construction
and angiogenesis. These technologies involve the printing of cell-laden hydrogels and
polymeric scaffolds. By directional manipulation of different cell types in a 3D space, a
hierarchical vascular network with multi-scale and multi-branched structures, can be built
in a layer-by-layer way, simulating the heterogeneity of natural vascular tissues [16,17].

Figure 2 summarizes the methods of traditional tissue engineering and 3D bioprint-
ing approaches to construct vascular tissues. There are many advantages for vascular
tissue/organ engineering with the 3D bioprinting technologies. Especially, it is convenient
to print different cell types and polymer systems using combined multi-nozzle extrusion-
based 3D bioprinters. With the advances of polymeric bioinks and stem cells, it is now
possible to produce various blood vessels ranging from micrometers to millimeters in size
with micron precision [18]. This has greatly prompted researchers to explore new printing
techniques to solve the complex vascular network construction problems.
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process. During printing, the printhead is deformed and squeezed by thermal or piezo-
electric actuators to produce droplets of controllable size. Among them, the working 
frequency of piezoelectric inkjet printers reaches 15–25 kHz, which will cause certain ul-
trasonic damage to cells [19]. While in thermal inkjet printing, cells are heated for 2 μs, 
and the damage is very low. The viability of ink-printed cells was around 90% [20]. 
Compared with piezoelectric inkjet printing, thermal inkjet printing has been more 
widely used in tissue engineering and regenerative medicine. 

In 2009, Cui et al. used a modified thermal inkjet printer to print cells with a qua-
si-3D structure. The bioink was composed of human microvascular ECs (HMVECs) and 
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Figure 2. (a) Traditional tissue engineering blood vessel construction method. (i) Tubular scaffolds
were prepared before endothelial cells (ECs) were seeding on the inner surface of the scaffolds;
(ii) Stimulating capillary angiogenesis directly within the tissue engineered scaffolds. (b) A gen-
eral depiction of 3D bioprinting for vascularized tissue construction. Multi-scale branched blood
vessels can be obtained by printing ECs in a scaffold, and an ideal organoid can be obtained after
in vitro cultures.

2. 3D Bioprinting Technology for Building Blood Vessels

In this section, we mainly discuss the 3D bioprinting technologies in vascular model
construction, including the printing methods and their applications. The traditional bio-
printing technologies, such as inkjet printing, laser-assisted printing, and extrusion printing,
still have unique advantages in vascular model construction and are constantly developing.
Several new printing technologies, with advantages in biocompatibility, printing resolution
and vascular complexity, have also been discussed.

2.1. Inkjet Bioprinting

Inkjet bioprinting is firstly introduced by revising the commercial two-dimensional
(2D) printing equipment (Figure 3). A solution of hydrogel prepolymer with encapsulated
cells, called bioink, is stored in the cartridge. The ink cartridges are then attached to the
printer head and act as bioink sources during the electronically controlled printing process.
During printing, the printhead is deformed and squeezed by thermal or piezoelectric
actuators to produce droplets of controllable size. Among them, the working frequency
of piezoelectric inkjet printers reaches 15–25 kHz, which will cause certain ultrasonic
damage to cells [19]. While in thermal inkjet printing, cells are heated for 2 µs, and the
damage is very low. The viability of ink-printed cells was around 90% [20]. Compared with
piezoelectric inkjet printing, thermal inkjet printing has been more widely used in tissue
engineering and regenerative medicine.

In 2009, Cui et al. used a modified thermal inkjet printer to print cells with a quasi-
3D structure. The bioink was composed of human microvascular ECs (HMVECs) and
fibrin [21]. After 21 days of in vitro culture, the printed HMVECs aligned in the thin grid
fibrin surface and proliferated to form a confluent lining (Figure 3b). The thin grid structure
was further revealed using confocal laser scanning images. It was hoped that the HMVECs
on the thin grid construct could form true 3D blood vessels with the improvement of their
inkjet printer.

Electrohydrodynamic (EHD) inkjet bioprinting is a unique material injection technol-
ogy that is related to traditional drop-on-demand inkjet printing, but produces a much
smaller droplet volume [22,23]. Unlike traditional drop-on-demand inkjet printing, EHD
inkjet printing uses an electric field rather than thermal or acoustic energy to create the
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fluid flow, which is needed to deliver the ink to the substrate [24]. By applying an electric
potential difference between the printhead nozzle and the substrate, the ink fluid is charged,
and the combination of electrostatic and capillary forces leads to the formation of a charac-
teristic conical shape, the Taylor cone. With the use of a pulsed potential, individual drops
can be ejected driven by the electric force [25]. This drop formation mechanism allows
EHD inkjet printing to achieve droplets up to 10−15 cm3 in volume and a consequent line
resolution of about 100 nm to a few microns (dependent on ink surface contact angle) after
printing on substrates. This improves the potential feature resolution compared to that of
extrusion-based or conventional inkjet 3D printing by about three orders of magnitude.
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In 2020, Zheng et al. employed an EHD inkjet printing-based approach using varia-
ble materials to create cell-embedded microvascular structures with significantly higher 
spatial resolution than extrusion-based bioprinting [26]. Specifically, Pluronic F127 and 
gelatin methacryloyl were used as sacrificial templates and permanent matrices, respec-
tively. Human dermal fibroblasts and umbilical vein ECs were successfully co-cultured 
within the engineered microvascular constructs to form a supportive extracellular matrix 
(ECM) and a functional endothelial layer (Figure 3c). It enabled the fabrication of mi-
crovascular structures with feature sizes down to 30 μm, mimicking capillaries (Figure 

Figure 3. (a) Schematic diagrams of the thermal inkjet printing and EHD inkjet printing techniques.
(b) Schematic of the manufacturing process using a sacrificial Pluronic F127 solution to form the
microvasculature followed by casting a cell-containing methacrylated gelatin (GelMA) suspension
and photopolymerization. Adapted from Ref. [21]. (c) Printed fibrin scaffold using modified thermal
inkjet printer. Only minor deformations of the printed pattern were noticed at y-axis. (d) Perfusion of
fluorescent dextran solution into a GFP-HDFs/RFP-HUVECs co-culture construct. Far-red dextran
flow is marked as blue pseudocolour after image processing, reported by Zheng et al. (c,d) adapted
from Ref. [26].

In 2020, Zheng et al. employed an EHD inkjet printing-based approach using variable
materials to create cell-embedded microvascular structures with significantly higher spatial
resolution than extrusion-based bioprinting [26]. Specifically, Pluronic F127 and gelatin
methacryloyl were used as sacrificial templates and permanent matrices, respectively.
Human dermal fibroblasts and umbilical vein ECs were successfully co-cultured within
the engineered microvascular constructs to form a supportive extracellular matrix (ECM)
and a functional endothelial layer (Figure 3c). It enabled the fabrication of microvascular
structures with feature sizes down to 30 µm, mimicking capillaries (Figure 3d). This opens
up new avenues for studying complex vascular models, particularly from arterioles to
venules, in native vasculatures.

2.2. Laser-Assisted Bioprinting

Laser-assisted bioprinting (LAB) originated from laser direct writing [27–29] and laser-
induced transfer (FIFT) technologies (Figure 4) [30,31]. A key part of a LAB system is
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that the donor layer responds to laser stimulation. The donor layer consists of a “ribbon”
structure containing an energy-absorbing layer (such as titanium or gold) on top and a
bioink solution on the bottom. During printing, focused laser pulses are applied to stimulate
a small area of the absorber layer. This laser pulse vaporizes a portion of the donor layer,
creating high-pressure bubbles at the interface of the bioink layer and propelling the
suspended bioink. The falling bioink droplets are collected on the receiving substrate
and subsequently crosslinked [32,33]. This method was used to print spots of human
adipose stem cells (HASCs) and endothelial colony-forming cells, with the result of a blood
vessel-like network formation [34]. Based on laser-induced forward transport, Koch et al.
directly printed capillaries with diameters of tens of microns in 2021. When the ECs were
printing on Matrigel (Figure 4b), nearly all of them could form tubular-like vessels with a
lumen inside [35].

Int. J. Mol. Sci. 2023, 24, 891 5 of 27 
 

 

3d). This opens up new avenues for studying complex vascular models, particularly from 
arterioles to venules, in native vasculatures. 

2.2. Laser-Assisted Bioprinting 
Laser-assisted bioprinting (LAB) originated from laser direct writing [27–29] and 

laser-induced transfer (FIFT) technologies (Figure 4) [30,31]. A key part of a LAB system 
is that the donor layer responds to laser stimulation. The donor layer consists of a “rib-
bon” structure containing an energy-absorbing layer (such as titanium or gold) on top 
and a bioink solution on the bottom. During printing, focused laser pulses are applied to 
stimulate a small area of the absorber layer. This laser pulse vaporizes a portion of the 
donor layer, creating high-pressure bubbles at the interface of the bioink layer and pro-
pelling the suspended bioink. The falling bioink droplets are collected on the receiving 
substrate and subsequently crosslinked [32,33]. This method was used to print spots of 
human adipose stem cells (HASCs) and endothelial colony-forming cells, with the result 
of a blood vessel-like network formation [34]. Based on laser-induced forward transport, 
Koch et al. directly printed capillaries with diameters of tens of microns in 2021. When 
the ECs were printing on Matrigel (Figure 4b), nearly all of them could form tubular-like 
vessels with a lumen inside [35]. 

 
Figure 4. (a) Laser-assisted bioprinting based on laser-induced forward transfer. Adapted from Ref. 
[33]. (b) Green fluorescent labeled endothelial cells printed in the patterns (i) of grids on Matrigel, 
(ii) the enlarged line of (i), (iii) cross-sections of the printed vascular structures. Adapted from Ref. 
[34]. 

Compared to other printing methods, LAB avoids direct contact between the dis-
penser and bioink, and does not suffer from head clogging, limited cell density, low res-
olution and other issues [36]. Cells would not be damaged by shear stresses. For example, 
Kerouredan et al. used LAB to pattern collagen I hydrogels, and co-cultured ECs and 
MSCs on the pattern. After 3D printing, cells could cover the collagen pattern with ca-
pillary-like structures [37]. This demonstrated that LAB can pre-organize ECs into high 
cell densities, creating well-defined vascular networks in the engineered constructs. 

The main limitation of the LAB techniques in vascular construction is the need to 
maintain a thin and uniform bioink film (5–20 μm) on the donor layer. This step is tech-
nically challenging. In 2020, Orimi et al. proposed a new LAB method called la-
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Ref. [33]. (b) Green fluorescent labeled endothelial cells printed in the patterns (i) of grids on Matrigel,
(ii) the enlarged line of (i), (iii) cross-sections of the printed vascular structures. Adapted from
Ref. [34].

Compared to other printing methods, LAB avoids direct contact between the dispenser
and bioink, and does not suffer from head clogging, limited cell density, low resolution
and other issues [36]. Cells would not be damaged by shear stresses. For example, Ker-
ouredan et al. used LAB to pattern collagen I hydrogels, and co-cultured ECs and MSCs
on the pattern. After 3D printing, cells could cover the collagen pattern with capillary-like
structures [37]. This demonstrated that LAB can pre-organize ECs into high cell densities,
creating well-defined vascular networks in the engineered constructs.

The main limitation of the LAB techniques in vascular construction is the need to
maintain a thin and uniform bioink film (5–20 µm) on the donor layer. This step is techni-
cally challenging. In 2020, Orimi et al. proposed a new LAB method called laser-induced
side transfer (LIST) [38]. This method uses low energy nanosecond laser (wavelength:
532 nm) pulses to generate a transient microbubble at the distal end of a glass microcapil-
lary supplied with bioink. Microbubble expansion results in the ejection of a cell-containing
micro-jet perpendicular to the irradiation axis. With this technique, the team printed
HUVECs-containing drops and indicated that the LIST-printed cells could preserve their
angiogenic junctional phenotypes. Subsequently in 2022, this team demonstrated that
endothelial tubulogenesis could be spatially controlled by LIST bioprinting a HUVECs–
laden bioink containing fibrinogen [39]. Though the LIST, with a spatial resolution of
165 µm for the tested conditions, is lower than the one (10–140µm) attained by traditional
LAB techniques for similar cell types, it is more efficient for vascular model printing than
traditional LAB techniques.

In 2017, Keriquel et al. demonstrated the capability of LAB in vivo. A major advantage
derived from LAB is the short printing time (only a few seconds), which can be easily
translocated to in vivo experiments [40]. Similarly, Kerouredan et al. in-situ printed ECs
into mouse calvarial bone defects prefilled with collagen containing MSCs and vascular
endothelial growth factors (VEGFs) using this LAB technology in 2019 [41]. ECs were
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printed into ring, disc, and a crossed circle in vivo. In-situ printing of HUVECs was shown
to significantly increase in vivo vascularization and promote bone regeneration compared
to random seeding. So, LAB has provided a new perspective for clinical applications.

2.3. Extrusion Bioprinting

Extrusion printing is currently one of the most frequently used methods for promot-
ing angiogenesis and vasculature formation (Figure 5). It is also the most widely used
bioprinting technology for complex vascular model establishment due to its ease of use,
fast prototyping, low cost, and compatibility with various hydrogels in which cells can
be encapsulated [42,43]. During 3D printing, the cell-laden hydrogel bioink is generally
dispensed through a nozzle or syringe to form filamentous fibers. After extrusion, the
cell-laden hydrogel bioink, in the form of cells encapsulated in cylindrical filaments, is de-
posited layer-by-layer in a precise manner into targeted 3D custom-shaped structures [44].
Physical or chemical crosslinking that occurs after extrusion enables rapid curing of the
bioink to ensure the geometric fidelity of the bioprinted structures. To date, extrusion-based
3D bioprinting has been adapted by many research groups to create blood-vessel-like
networks [45,46].

The first extrusion-based 3D bioprinting was reported in 2005 by Prof. Wang et al.
at Tsinghua University [47,48]. It is also the first true 3D bioprinting technology using
rapid prototyping (RP), i.e., the discrete-stacking principle, to produce large scale-up living
tissues. Cell-laden gelatin-based hydrogels, such as gelatin/alginate, gelatin/chitosan,
gelatin/algainte/fibrinogen, gelatin/hyaluronate, containing hepatocytes or adipose-derived
stem cells (ASCs), were printed into large grid (or mesh) structures with nutrient and
metabolite exchange channels based on a one nozzle 3D bioprinter [47,48]. After this
report, a series of two or multi-nozzle 3D printers were created for automatic organ
manufacturing. For example, a hybrid hierarchical polyurethane-cell/hydrogel construct
was rapidly manufactured using a double-nozzle extrusion bioprinter (Figure 5b–f). An
oval bioartificial liver precursor was constructed with perfusable branching vessels and
ASCs encapsulated inside the gelatin-based hydrogels formed capillaries in between the
branched vessels [49,50].
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of the vascular networks. (c) A common layer interface (CLI) file. (d) Schematic illustration of the
fabrication process of a layered vessel model using a dual-jet extrusion printer by Wang et al. (e) A
3D printed hybrid hierarchical polyurethane-cell/hydrogel structure. (f) The middle part of (e) with
branched/grid internal cell/hydrogel channels. (b–f) are adapted with permission from Ref. [49].
Copyright © 2023 Elsevier B.V. All rights reserved.

With these inventions, Prof. Wang has solved all the bottleneck problems encountered
by tissue engineers, biomaterial researchers, pharmacists and other scientists for more than
several decades. These bottleneck problems include hierarchical vascular/nerve network
construction with a fully endothelialized inner surface, step-by-step ASC differentiation in
a 3D construct, energy system modeling, and high-throughput drug screening [51–60].

Afterwards, a great deal of similar printing methods were reported by many other
groups, such as parallel printing of blood vessel tissues with multiple bioinks [61–63].
For instance, De Moor et al. generated prevascularized spheroids by combining ECs
with fibroblasts and ASCs as supporting cells in 2021 [64]. Small diameter capillary-like
microvessels were formed in 3D printed scaffolds. In the same year, Liu et al. printed
centimeter-scale tissue constructs by endothelializing the printed macroscale channels,
with capillary networks through cell self-assembly [65]. In 2022, Liu et al. developed
centimeter-scale cardiac patches with well-organized microvasculature via the same extru-
sion bioprinting technology [66]. It has proven that it is super for vascular tissue formation
with two vascular cell lines rather than only one cell line.

2.4. Coaxial Bioprinting

Coaxial bioprinting is suitable for continuous fabrication of tubular structures (Figure 6).
The key feature of coaxial bioprinting is the two-layer nozzle, which enables the co-
extrusion of two different bioink formulations in a core-shell manner to form a circumfer-
entially layered tubular structure [67–72]. Mechanical properties of the tubular structures,
such as toughness, stretchability, and compression resistance, can be well adjusted by
selecting appropriate hydrogel materials. By adjusting the inner and outer diameters of the
coaxial nozzles and printing parameters, small tubular structures with a small diameter
(average of several hundred microns) can be produced. Thus, it is more suitable for small
arterial/venous vascular model construction in bioartificial organs.

In 2015, Zhang et al. from the University of Iowa demonstrated the fabrication of
vascular tissue using a coaxial extrusion-printing technique. An alginate hydrogel loaded
with human umbilical vein smooth muscle cells (HUVSMCs) was printed. The perfusion
efficacy of the 3D construct was certified (Figure 6b) [67]. Long-term culture of the 3D
printed construct demonstrated that smooth muscle matrix and collagen were deposited
around the peripheral and luminal surfaces. Analogously, Millik et al. fabricated un-
modified Pluronic F-127 (F127) and F127-diurethane methacrylate (F127-BUM) hydrogels
into tubular structures using the coextrusion technique in 2019 [68]. By varying the print-
ing parameters, tubes or coaxial filaments with different cross-sectional geometries were
generated (Figure 6c).

In 2020, Liang et al. prepared a novel hydrogel with high-strength by inserting N-
acryloylglycinamide (NAGA) monomer with intramolecular multiple hydrogen bonds
into the macromolecular chain of methacrylated gelatin (GelMA) hydrogel. Through
introducing NAGA monomers and nanoclay (Clay) into the GelMA hydrogel, a small-
diameter vascular stent was produced using the coaxial bioprinting technique [69]. A high-
performance vascular stent with a tensile strength of 22 MPa, a stretchability of 500%,
a Young’s modulus of 21 MPa, an anti-fatigue performance of 200 cycles, and a suture
retention strength of 280 gf was obtained. After adding human umbilical vein ECs at the
same time, good biocompatibility was achieved.
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Through coaxial printing, it is easy to obtain vascular networks containing an en-
dothelial layer. Nevertheless, most of the natural vascular networks contain multilayered
tissues, in addition to the innermost endothelial layer. Especially, there are also middle
smooth muscle layer and outermost fibroblast layer for large blood vessels. It is rational
to develop new 3D bioprinters with multi-layer coaxial printing (Figure 6d) [70–73]. In
2020, Bosch et al. used sodium alginate and collagen hydrogels as bioinks, pluronics as
sacrificial layers for three-layer coaxial printing. During printing, the inner layer hydrogel
was loaded with HUVECs, and the outer layer hydrogel was loaded with human aortic
smooth muscle cells (HASMCs), a bilayer blood vessel was built, mimicking the natural
vascular structures (Figure 6e) [72]. Realizing the high concentration of alginate molecules
limited the cell behaviours, including adhesion, proliferation and initial stretching, the
authors optimized the bioink with high concentrations of collagen to mimic the ECMs of
natural tissues in 2022 [73].

Similar to other 3D bioprinting technologies, the mechanical properties of the coaxial
3D printed constructs rely on the rapid crosslinking of polymer molecules in the cell-laden
hydrogels. Most of the natural polymeric hydrogels have limited mechanical strengths,
which are not suitable for anti-sutural vascular model establishment. Meanwhile, the lumen
size is generally in the hundreds of microns by coaxial printing. For clinical application,
the correct anastomosis with internal blood vessels and long-term functional are always
the key issues to be considered. In 2022, Wang et al. used a double-network hydrogel
for microfluidic bioprinting. They adopted two distinct approaches to fabricate venous
and arterial vessels closely resembling their native counterparts [74]. The vessels were



Int. J. Mol. Sci. 2023, 24, 891 9 of 25

connected with a mouse vena cava and demonstrated the potential of the bioprinted
vascular conduits as vascular grafts in the future. The vessels were further infected with
pseudo-typed severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) viral particles
(pCoV-VPs) and subjected to antiviral drugs, illustrating the applicability of these vessels
for in vitro vascular disease studying and drug testing.

In some respects, coaxial printing technology is considered the most effective way
for obtaining small-diameter blood vessels. However, due to the limitation of the coaxial
nozzle, the size of the printed tubular stent is restricted. A continuous tree-like bifurcated
structure cannot be manufactured. There is a need for a more effective technology to solve
the above problems.

2.5. Freeform Reversible Embedding of Suspended Hydrogel (FRESH) Printing

FRESH printing was proposed by Hinton et al. in 2015 [75]. Instead of printing cell-
laden hydrogels in air, the extruded filaments were deposited in a supportive bath. In the
supportive bath, gelatin microparticles act as a Bingham plastic during the printing process,
behaving as a rigid body at low shear stresses but flowing as a viscous fluid at higher shear
stresses. This means that there is little mechanical resistance as the needle-like nozzle passes
through the bath, but the hydrogel could be extruded from the nozzle and deposited in
right place. After 3D printing, the gelatin was removed at 37 ◦C, resulting in scaffolds with
high resolution and excellent cell-friendliness (Figure 7a). Using this technique, Hinton
and colleagues constructed a vascular model of human right coronary arterial tree around
a chicken embryonic heart with internal trabeculae. It is another approach to predefine the
complex vasculature structures through extrusion printing.
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and, when completed, is released by heating to 37 ◦C and melting the gelatin, reported by Hinton et al.
Reprinted from Ref. [75]. (b) A FRESH-printed collagen heart (left), and cross-sectional view of
the collagen heart (right), showing the left and right ventricles and interior structures, reported by
Lee et al. Reprinted with permission from Ref. [76]. Copyright © 2023, The American Association
for the Advancement of Science. (c) Schematic description of the acoustic printing device, based on
surface acoustic waves (SAW), reported by Naseer et al. Reprinted from Ref. [77]. (d) Sound-induced
morphogenesis (SIM) based on Faraday waves, (i–v) are schematic diagrams of the formation of
vascular network, reported by Petta et al. Reprinted from Ref. [78]. (e) Stereolithography bioprinting
of branch blood vessels. (f) A vascularized alveolar model topology, reported by Grigoryan et al.
Reprinted from Ref. [79]. (g) A liver model with smooth surface and monolithic, translucent hydrogel
body, in which, a vascular channel network was filled, stained with rhodamine B and visualized
under fluorescence, reported by Anandakrishnan et al. Adapted from Ref. [80].

More recently, some other teams have also used this technique to print vascular tissues.
For example, Lee et al. printed human heart components at various scales, from capillaries
to whole organs in 2019 [76]. The obtained 3D constructs include neonatal capillaries of less
than 10 µm, complex vasculatures, ventricular and tri-leaflet heart valves, and neonatal-
scale human hearts (Figure 7b). The resolution of the FRESH printing can be increased in
the supportive bath using a coacervation approach, resulting in a vasculature with denser
networks and smaller diameters, including perfusable vessels around 100 µm in diameter.

In 2021, Kreimendahl et al. used fibrin and hyaluronic acid as single or hybrid bioinks
for FRESH bioprinting [81]. It is important to know that due to the low viscosity of the
printing materials, such as fibrin and hyaluronic acid, there has always been a lack of fidelity
in complex vascular bioprinting with this technique. The best values for vascularization
were achieved with a bioink composed of 1.0% fibrin and 0.5% hyaluronic acid. Compared
with other tested bioinks, the vascular structure area and length were three times higher,
and the structure volume and branch number showed almost four times higher values [81].
Later in 2022, Daniel et al. printed collagen vascular scaffolds via the FRESH technique to
obtain a layered and branched vascular network, and proved the application potential of
the scaffolds in the study of vascular diseases [82].

2.6. Acoustics-Assisted Bioprinting

Acoustic-assisted bioprinting is a new technology that generates pressure gradients
in bioinks through acoustic vibrations and obtains pre-designed patterns with resolutions
ranging from several micrometers to several hundred microns (Figure 7c) [77,83–85]. Differ-
ent from traditional printing methods, acoustic-assisted bioprinting enables cells to migrate
and aggregate in a non-contact state, and achieves highly ordered arrangements. Even
the cell–cell distance can be regulated with little damage to cells, which is crucial for the
construction of complex vascular structures.

Kang et al. used pressure fields formed by standing surface acoustic waves (SSAWs)
to pattern ASCs and ECs in a catechol-conjugated hyaluronic acid (HA-CA) hydrogel to
recapitulate the 3D collateral vascular architecture of mouse hindlimb muscles. The SSAWs-
assisted scaffolds formed perfusable and aligned blood vessels in mice and demonstrated
therapeutic angiogenesis in a mouse model with hindlimb ischemia [86]. In 2020, Petta et al.
reported a new printing method called sound-induced morphogenesis (SIM) [78]. Different
from the ultrasonic standing waves used in the previous sound-assisted printing, they
used Faraday waves to achieve patterning (Figure 7d), with improved flexibility and
freedom of printing. Meanwhile, the influence of ultrasonic standing waves on the printing
substrate was overcome. More importantly, this approach employed a low initial density
of cells, and cells with a predetermined local density finally self-assembled into functional
multiscale vascular networks. It is believed that with further modification of this technique,
the acoustic-assisted bioprinting can organize more valuable vascular networks with the
pre-patterned cells.
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2.7. Stereolithography (SLA) Bioprinting

In the construction of complex organ models, SLA is a 3D printing technique with
some advantages (Figure 7e). Similar to LAB, SLA bioprinters use light to selectively
solidify a bioink additively to build objects. Compared to other printing technologies that
require point-by-point or line-by-line scanning to create an individual layer, SLA could
drastically reduce the printing time by enabling the projection of an entire 2D design plane
at once [87,88]. The printer only needs a movable platform in the z-axis direction, improving
the printing efficiency with a sufficiently high spatial resolution. SLA has been used to
fabricate a variety of complex cell-laden structures including vascular networks [79,89–94].

In 2020, Alexander et al. used projection-based, multi-material stereolithographic
bioprinter and an enzymatically degradable sacrificial photoink to print vascular models
containing perfusable, endothelial cell-lined channels that remained stable for 28 days
in culture [91]. Before this report, Grigoryan et al. used SLA printing to model an in-
terconnected 3D structure of alveoli for lung tissue engineering (Figure 7f) [79]. In 2021,
Anandakrishnan et al. proposed a fast hydrogel stereolithography printing (FLOAT) method.
Through precisely controlling the photopolymerization condition, low suction force-driven,
and high-velocity flow of the hydrogel prepolymer was achieved [80]. The FLOAT supports
the continuous replenishment of the prepolymer solution below the curing part and the
nonstop part growth. A centimeter-scale 3D printing model with hydrogels was established.
It can significantly reduce the part deformation and cellular injury caused by the prolonged
exposure to the environmental stresses in the layer-by-layer printing processes (Figure 7g).
The multiscale embedded vascular network fabricated therein allows media perfusion
needed to maintain the high cellular viability and metabolic functions in the deep core of
the large-sized model.

Generally, the micro-dimensional precision of SLA printing is favorable for the con-
struction of multiscale complex vascular structures, while taking into consideration the
time-sensitive nature of live cells and tissues, the rapid printing property of this process is
beneficial for the fabrication of living tissues and organs.

3. Bioinks That Promote Vascularization

As a basic element in bioprinting, the ideal unification of the mechanical properties
and biological functions of the 3D printed constructs has always been one of the limitations
of bioprinting technologies. It is reasonable that the 3D printed vascular models to have
some special mechanical properties, including elasticity, tensile properties, and torsional
resistance, to resist the filling pressure caused by cardiac pumping. The physiological
performance needs to be similar to or higher than that of human healthy blood vessels. At
the same time, due to the particularity of artificial blood vessels, bioinks are also required to
have good to excellent blood compatibility, including anticoagulation. Therefore, extremely
high requirements are placed on bioinks for vascular model printing, and it is also a
difficulty in current research.

Bioinks that promote angiogenesis not only contain polymeric materials, cells, but also
bioactive components (such as growth factors) for cell proliferation, migration, angiogene-
sis, and anticoagulation [95]. It has been proven that a single polymeric material cannot
realize all the complex functions, so most of them are used as composite materials with or
without modification. Here, we outline the developments of bioinks, which include poly-
meric biomaterials, cells, and bioactive factors, with the goal of promoting vascularization.

3.1. Biomaterials

Early in the field of vascular repair, the most frequently used materials were un-
biodegradable synthetic polymers, such as polytetrafluoroethylene (ePTFE), polyethylene
terephthalate (Dacron®) and polyurethane (PU) [96,97]. However, these materials have
either poor biocompatibilities or low permeabilities for nutrient exchanges [98]. They have
been seldom used in bioprinting and organ manufacturing areas.
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Many biodegradable synthetic polymers, such as PU, poly(lactic acid-co-glycolic
acid) (PLGA), poly (lactic acid) (PLA), poly (glycolic acid) (PGA), polycaprolactone (PCL),
GelMA, hyaluronic acid methacryloyl (HAMA) and polyethylene glycol diacrylate (PEGDA),
have been used in 3D bioprinting for vascular structure construction. Especially, the me-
chanical properties of the synthetic polymers can be regulated by adjusting the monomer
or prepolymer concentration and polymerization degree. For example, the mechanical
strength of photocrosslinked GelMA hydrogel can be controlled by the prepolymer con-
centration, functionalization degree, ultraviolet (UV) intensity, and photocrosslinking time.
Compared with its precursor, the photocrosslinked GelMA hydrogel has higher porosity,
viscosity and mechanical strength, which has great advantages in vascular tissue 3D bio-
printing [99–132]. More importantly, most of the synthetic polymers allow compounding
of bioactive factors, drugs, and specific coatings on their molecular surface with specific
chemical modifications, and release them slowly into the environment afterwards.

Currently, most of the raw materials for 3D bioprinting are natural polymers, including
collagen, gelatin, sodium alginate, fibrinogen, hyaluronic acid, etc. Generally, these poly-
mers have good to excellent biocompatibilities, adjustable hardnesses and porosities, which
can simulate the main components of natural ECMs. Particularly, these materials are often
used as cell-laden hydrogels to print vascular constructs individually and in combination.
Table 1 shows some of the commonly used synthetic and natural polymers in vascular
model printing. The advantages, disadvantages and applications of these polymers in
vascular model establishment have been summarized.

Table 1. The commonly used polymers in vascular model printing.

Biomaterial Advantage Deficiency Application Reference

Gelatin
Excellent biocompatibility, good cell

adhesion, physical crosslinking
properties

Low shape fidelity,
especially unstable at

temperatures suitable for
cell growth, and low
mechanical strength

Modification such as methacryloyl
anhydride, or cross-linking,

enhances its mechanical strength and
printing resolution

[26,50,99–105]

PU Excellent histocompatibility, super
mechanical strength

Cells cannot be
encapsulated directly

3D printing vascular networks,
bioartificial liver manufacturing [106–111]

PLGA Poor biocompatibility, middle
mechanical properties

Cells cannot be
encapsulated directly

3D printing vascular networks,
bioartificial liver manufacturing [112–115]

Alginate
Shear thinning properties, very short

time polymerizable, porous
properties

Poor biocompatibility, low
cell adhesion properties

Often mixed with gelatin, hyaluronic
acid, etc. for printing; as a sacrificial

material for vascular stents
[47,53,116,117]

Fibrinogen Excellent biocompatibility, good cell
adhesion

Low mechanical strength,
fast degradation rate

Commonly used for thrombin
cross-linking, blending or double
cross-linking with gelatin, sodium

alginate, etc.

[118,119]

Hyaluronic
Acid

High water absorption, excellent
biocompatibility, low molecular

weight have the ability to promote
cell proliferation

Low mechanical strength
and poor formability

Modification such as methacryloyl
anhydride, or compounded with

other materials
[101,120–122]

dECM
Promotes cell adhesion, proliferation
and functionalization, especially has

a certain antithrombotic effect

Low mechanical strength,
slow gelation, complicated

preparation process

Often used with fast cross-linking
materials such as sodium alginate [123–127]

Pluronic ®

F127
High resolution printing, special
temperature sensitive properties

Low mechanical strength,
fast degradation rate

As a sacrificial material for vascular
stents [26,63,68,128]

Especially, the polymeric hydrogels can be extruded and deposited as fiber-like struc-
tures during extrusion-based 3D bioprinting. Polymer molecules in the hydrogels resemble
natural ECMs in terms of hierarchical organization and properties, providing a good
microenvironment for cell adhesion, proliferation, and differentiation. Various other pro-
cessing techniques, such as phase separation [133], self-assembly [134], freeze drying [135],
and electrospinning [136], have been employed to fabricate fiber-like tissue engineering
scaffolds. Many of the fiber-like scaffolds have been shown to be effective in promoting
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vascular network formation [137]. For example, Lee et al. designed a bilayered fiber-like
scaffold by combining electrospinning (ELSP) and 3D printing techniques in 2019 [138].
When the fiber-like scaffold was coated with polydopamine (PDA) and VEGF was grafted
directly on the PDA surface, enhanced vascular cell proliferation and angiogenic differenti-
ation were detected.

A major problem in 3D printing of vascular networks is that the printed hollow or
tubular structures are prone to collapse due to the low strength of soft and dynamic poly-
meric hydrogels. Over the years, researchers have explored some materials that can be
removed after printing to enable the precise construction of complex hollow structures,
known as “sacrificial bioinks” [139]. In this regard, the sacrificial material is shaped into
the core of the desired vascular network structure and then dissolved away by physical
removal, such as adjusting the pH and temperature, or chemical reaction. Several mate-
rials, such as gelatin, sugar glass, agarose, alginate, pluronic and polyvinyl alcohol, have
been used as sacrificial inks, to build complex vascular networks within the 3D printed
structures [68,140–150].

In particular, gelatin and Pluronic F127 are currently the most frequently used sacri-
ficial biomaterials in 3D bioprinting due to their temperature-sensitive properties [139].
Emphasis should be given to the collagen-derived gelatin, which dissolves in water and
becomes gelatinous at a temperature below 30 ◦C, and forms an aqueous solution at a
temperature of 37 ◦C or higher, in temperature-controlled bioprinting. It can be extruded
through the nozzles in a gel state and then removed at a temperature of 37 ◦C suitable
for cell growth without any damage to the cells [151]. After 3D printing, it can be easily
discarded with dissolving water.

As stated above, Hinton et al. reported a biomanufacturing method—sacrificial writing
into functional tissue (SWIFT) in 2019, that introduced perfusable vascular channels in
living matrices with high cellular density via embedded 3D bioprinting. These bulk SWIFTs
could perfuse over long durations [152]. In their experiments, 15% gelatin was chosen
as a sacrificial bioink. After the cell-laden hydrogels were patterned inside the sacrificial
bioink via embedded 3D printing, the functional organization was placed in an incubator
at 37 ◦C to remove the sacrificial bioink and yields perfusable channels in the form of single
or branching conduits. The researchers then used this method to create a heart construct
containing human-induced pluripotent stem cells (hiPSC) derivations, and eventually
observed moderate cardiomyocyte contractility. This manufacturing method opens new
avenues for constructing complex blood vessels based on 3D bioprinting.

In addition to the synthetic and natural polymers, bioactive glasses (BGs) have also
been used in vascular 3D bioprinting, because some BGs have the properties to enhance
angiogenesis [153–156]. Early in 2005, Day et al. showed that the conditioned medium, col-
lected from fibroblasts and seeded with alginate beads containing 0.1 wt.% 45S5 glass
particles, could increase endothelial cell proliferation rate and tubule formation phe-
nomenon [157]. Human fibroblasts, coated with 45S5 glass particles (<5 µm), could secrete
large amounts of VEGFs and basic fibroblast growth factors (bFGFs). In 2019, Jia et al.
used extrusion-printed bioactive silicate and borosilicate (2B6Sr) glass scaffolds to culture
MC3T3-E1 mouse pre-osteoblasts in vitro [155]. The results demonstrated that both the
scaffolds were supported by VEGF assay with the capabilities for improving cells to attach,
and promoting angiogenesis. At the same time, the borosilicate glass scaffold was better
than silicate bioactive glass and other BGs in promoting angiogenesis at three months
post-implantation. Similarly, in 2021, Zhang et al. printed a Ti-6Al-4V scaffold. After the
scaffold was surface modified with mesoporous bioactive glass, it was implanted into the
femoral condyles of rabbits. Bone matrix deposition and angiogenesis were then observed
several weeks after implantation, indicating the enhancement of osteoconduction and
vascularization during bone defect healing [158].

Additionally, some trace elements such as copper, zinc, silicon, etc., also play a role in
promoting angiogenesis and are used by researchers in vascular tissue bioprinting [159,160].
The trace elements are abundant in bioceramics and BGs, so they are widely used in 3D
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printing of bone tissues with complex blood vessels [161,162]. For example, Fielding et al.
incorporated silica (SiO2) and zinc oxide (ZnO) into 3D printed β-tricalcium phosphate
(β-TCP) scaffold in 2013. The scaffold was then placed in the bicortical femur defects of
a murine model for up to 16 weeks, and neovascularization was found to be up to three
times more than the pure TCP control [163].

3.2. Vascularization-Directed Bioactive Substances

Bioactive substances, such as growth factors, vascular cells and anticoagulants, are
often added into the polymeric hydrogels as bioinks to meet the effects of promoting angio-
genesis, anticoagulation, and anti-inflammation. The reason is that simple polymers cannot
achieve vascular functions close to real blood vessels with similar cell and ECM compo-
nents [164]. In the following section, three major issues for vascular tissue construction
are analysed.

3.2.1. Growth Factor

A variety of growth factors, such as fibroblast growth factor (FGF), VEGF, transform-
ing growth factor-β (TGF-β), have been identified as a key factor in angiogenesis [165–167].
For example, VEGF stimulates endothelial cell proliferation, motility, and differentiation,
and VEGF-loaded hydrogels can effectively promote angiogenesis [168,169]. However,
the release of growth factors via polymeric hydrogels lacks stability, and the biological
activities of growth factors only lasts for a short time, so their full regenerative potential
cannot always be reached. At the same time, some studies have shown that excess growth
factors often increase some pathological effects [170–172]. High doses of VEGF may result
in malformed and leaky vasculature that are obvious characteristics of tumor-site vascu-
latures. So, in response to these problems, additional approaches, need to be adopted to
achieve slow release of growth factors, such as cross-linking them in hydrogel scaffolds by
carbodiimide hydrochloride, etc. [114,173], or by encapsulating growth factors in hydrogel
microspheres, through “isolation” [174–180].

In 2022, Rana D et al. conjugated VEGF165 to 5′-acrylate-modified aptamer and
encapsulated them in GelMA hydrogels together with HUVECs and human mesenchymal
stromal cells (hMSCs) for 3D culture. The release of VEGF165 was then triggered by the
addition of complementary sequence (CS) based on the hybridization behavior of the
5′Alexa Fluor 488 modified CS (Fluoro-CS) with the aptamer. The control GelMA hydrogels
showed high burst release of VEGF165 on day 1 (18.89 pg) and near zero release from
day 2 onwards, whereas the aptamer-functionalized hydrogel exhibited minimal initial
release on day 1 (3.30 pg). After the first round of triggered release with the addition of
CS on day 4, the aptamer-functionalized hydrogel showed high VEGF165 compared with
GelMA and the control aptamer-functionalized hydrogel (2.62 pg and 0.32 pg, respectively)
at 24 released hours (20.81 pg). These results confirm the potential of acrylate–aptamer-
functionalized hydrogels to sequester VEGF and control VEGF release by aptamer–CS
hybridization [181].

3.2.2. Heparin

Heparin is a sulfated glycosaminoglycan composed of about 32 disaccharide units
with the derivatives of uronic acid and glucosamine. It is a natural anticoagulant substance
in animals. Heparin-based anticoagulant and antithrombotic activity is the most widely
used in vascular tissue engineering. Heparin-modified vascular implants can significantly
improve blood compatibility [182,183]. However, studies have demonstrated that high
doses of heparin can adversely affect endothelial cell function. Kimicata M et al. interlay-
ered heparin-loaded GelMA hydrogels into a biomix consisting of decellularized matrix
(dECM) and polypropylene fumarate (PPF) and 3D printed them through UV cross-linking.
The 3D printed scaffold with 2 Sustained heparin release was achieved in the biohybrid ma-
terial over a period of weeks. Endothelial function was supported with an antithrombotic
environment by controlling the timing and space of heparin release [184].
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Furthermore, the sulfate and carboxylate groups present in heparin molecules give it a
high negative charge, which mediates its electrostatic interactions with many proteins such
as growth factors, proteases, and chemokines. These proteins also have good histocompati-
bilities, promoting cell proliferation, growth, migration, as well as aggregate growth factors
and regulating stem cell behaviors [185,186]. Researchers achieve high-density blood vessel
formation in hydrogel scaffolds by combining heparin with FGF and VEGF to achieve
slow control release of growth factors [187,188]. In 2016, Marchioli et al. constructed an
extrahepatic islet transplantation model via 3D printing, using a 3D cyclic PCL scaffold
with a heparinized surface to electrostatically bind VEGF, avoiding surrounding water
for the islet encapsulation gel core to support rapid vascularization [189]. The results
demonstrated that heparin fixation could increase the amount of VEGF retention up to
3.6-fold, compared to the untreated PCL scaffolds. In a chicken chorioallantoic membrane
model, VEGF immobilized on the construct-enhanced angiogenesis near and on the surface
of the scaffold.

3.3. Cells

When constructing a vascular model, polymeric biomaterials often serve as a sup-
porting framework, bioactive factors play a guiding role for stem cell differentiation, and
parenchymal cells are the key links for tissue/organ formation and maturation [190–194].
In another word, cells are an indispensable aspect for vascular tissue formation and mat-
uration. This is because vascular tissues contain different cell types/ECMs and most of
the adult parenchymal cells are difficult to culture in vitro for an expected period. For
example, when constructing a vascularized bioartificial liver, it is necessary to incorporate
parenchymal hepatocytes and mesenchymal cholangio-vascular cells (i.e., cells with struc-
tural, support, or barrier functions) to recapitulate the entire organ physiologies. During the
construction of a liver vasculature, ECs are necessary for the vascular endothelium genera-
tion. Polymeric hydrogels can be used to deliver ECs. Most of the polymeric hydrogels are
expected to degrade during the ECs form endothelial tissues. Many efforts are inseparable
from the interactions of the co-cultured vascular ECs and other cells [50,195–197].

In 2013, Wang et al. developed a combined four-nozzle 3D bioprinter for complex
organ manufacturing (Figure 8) [43]. The authors printed three types of cells, including
hepatocytes, Schwann cells and ASCs, with a PLGA overcoat simultaneously, at specific
locations with two extrusion-based nozzles and two inject-based nozzles. After 3D printing,
the ASCs were induced to differentiate into ECs successfully in the 3D construct. This is the
first 3D printed bioartificial liver, consisting of both branched vascular and neural networks.

In recent years, co-printing of ECs with MSCs and other adult cells have become
more and more prominent for vascualr tissue/organ construction [37,198–200]. With the
development of bioprinting technologies, most of the researchers tend to choose MSCs as
the cellular components in their bioinks [201]. This is due to the multi-directional differ-
entiation potential of stem cells, and their proliferative capabilities being much stronger
than those of adult cells, which plays a key role in biomedical fields and 3D bioprinting,
especially when building complex organs. The cell population is essential for vascular
network formation and subsequent physiological functionalization [37,202–206].

In 2021, Zhou et al. printed a circular scaffold with a bioink mixed with self-assembled
nanopeptides and human ASCs through an extrusion bioprinter, and carried out osteo-
genesis, adipogenic and endothelial induction, respectively, and successfully obtained a
vascular model for directional-induced stem cell printing [207]. Recently, Skylar-Scott et al.
generated patterned organoids with controlled composition and organization by simulta-
neously co-differentiating hiPSCs into distinct cell types through forced overexpression of
transcription factors [208]. They then used this orthogonal induction of differentiation to
generate ECs and neurons from hiPSCs and to generate vascularized cortical organoids.

At present, most of the allogeneic cells have been used for in vitro cultures. When the
vascularized tissues/organs are printing, xenogeneic ECs, vascular SMCs and pericytes
are often used to construct the vasculature. For transformational applications, autologous
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cells, especially MSCs and hiPSCs, are more suitable for preventing transplant rejection.
Thus, stem cells have emerged as promising alternative sources of ECs and SMCs [209].
Autologous stem cells appear to be the most viable option for in vivo implantation of the
3D printed vascular tissues/organs in the future.
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hierarchical neural network made from Schwann cells in the gelatin/hyaluronate hydrogel; the 
maximal diameter of the semiellipse can be adjusted from 1 mm to 2 cm according to the CAD 
model; (e) a cross section of (d), showing the endothelialized ASCs and Schwann cells around a 
branched channel; (f) a large bundle of nerve fibers formed in (d); (g) hepatocytes underneath the 
PLGA overcoat; (h) an interface between the endothelialized ASCs and Schwann cells in (d); (i) 
some thin nerve fibers. 
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Figure 8. A combined four-nozzle 3D organ bioprinting technology created in Prof. Wang’s laboratory
at Tsinghua University in 2013. Adapted from Ref. [49]: (a) equipment of the combined four-nozzle
3D organ bioprinter; (b) working state of the combined four-nozzle 3D organ printer; (c) a CAD model
representing a large-scale vascularized and innervated hepatic tissue; (d) a semielliptical 3D construct
containing a poly (lactic-co-glycolic acid) (PLGA) overcoat, a hepatic tissue made from hepatocytes in
a gelatin/chitosan hydrogel, a branched vascular network with fully confluent endothelialized ASCs
on the inner surface of the gelatin/alginate/fibrin hydrogel, and a hierarchical neural network made
from Schwann cells in the gelatin/hyaluronate hydrogel; the maximal diameter of the semiellipse
can be adjusted from 1 mm to 2 cm according to the CAD model; (e) a cross section of (d), showing
the endothelialized ASCs and Schwann cells around a branched channel; (f) a large bundle of nerve
fibers formed in (d); (g) hepatocytes underneath the PLGA overcoat; (h) an interface between the
endothelialized ASCs and Schwann cells in (d); (i) some thin nerve fibers.

4. Challenges and Perspectives

Recently, innovations in the existing bioprinting technologies have increased rapidly,
resulting in some of the structures being in a condition of “hypotaxia” to natural blood
vessels. To date, most of the 3D printed vascular models find it difficult to perform the
physiological functions of natural vasculatures in human organs. The 3D printed arteries,
veins and/or capillaries are limited to in vitro cultures with related characterizations. It
is urgently need to optimize the printing technologies and bioinks to manufacture more
lifelike vascular models for in vivo implantation.

For example, by mimicking the blood flow conditions of human organs in vivo, the
shear force generated by pulsatile culture in vitro can stimulate the radial alignment of ECs
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and activate certain signaling pathways of ECs to promote the proliferation and maturation
of the next layer of SMCs. The vascular tissues can therefore exhibit a significant improve-
ment in biomechanical properties when compared to the control static controls [210–212].
This needs careful consideration of the hemodynamics, anticoagulation and mechanical
properties of the 3D printed bioinks for blood circulation inside. Nowadays, finite element
analyses have been applied into this field for both predicting and simulating [213].

In addition, blood vessels in different organs of the human body perform specific reg-
ulatory functions, including capillaries in different organs also showing different structural
characteristics. For example, heart ECs have proved much more angiogenic than other
ECs derived from other organs such as liver and kidney, while liver-specific ECs have
shown significantly superior supportive function in terms of albumin production from the
hepatocytes [214]. The specificity of blood vessels in different organs leads to the need
for more careful consideration in the construction of corresponding vascular tissues. It is
reasonable to combine more cell types to the ever-evolving polymeric bioinks to mimic the
key structural components of natural blood vessels as much as possible.

5. Conclusions

Fabrication of functional vascular networks to maintain the viability of engineered
tissues is a major bottleneck in the areas of bioartificial organ engineering and manufactur-
ing. Despite the enormous progress of 3D bioprinting technologies and bioinks in recent
years, the biological complexity of vascularized tissue models poses a challenge for the
development of more sophisticated platforms. Even the most state-of-the-art engineered
blood vessels cannot mimic the complexities of natural vasculatures with multiscale, het-
erogeneous, and diverse branching structures in native organs. This requires engineers
to continuously innovate new 3D printing methods. In particular, if the advantages of
different printing methods can be combined and superior soft hardware can be upgraded,
it will be possible to achieve the full scale complexity of vascular models for bioartificial
organ engineering and manufacturing.

Author Contributions: Z.K. wrote the main content; X.W. supervised and revised the manuscript.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The work was supported by grants from the Key Research & Development
Project of Liao-ning Province (No. 2018225082), and the National Natural Science Foundation of
China (NSFC) (Nos. 57881571832). All individuals included in this section have consented to the
acknowledgement.

Conflicts of Interest: The authors declare no competing interests.

References
1. Laurencin, C.T.; Nair, L.S. Regenerative engineering: Approaches to limb regeneration and other grand challenge. Regen. Eng.

Transl. Med. 2015, 1, 1–3. [CrossRef] [PubMed]
2. Jaklenec, A.; Stamp, A.; Deweerd, E.; Sherwin, A.; Langer, R. Progress in the tissue engineering and stem cell industry “are we

there yet?”. Tissue Eng. Part B 2012, 18, 155–166. [CrossRef] [PubMed]
3. Laschke, M.W.; Menger, M.D. Vascularization in tissue engineering: Angiogenesis versus inosculation. Eur. Surg. Res. 2012, 48,

85–92. [CrossRef] [PubMed]
4. Radisic, M.; Malda, J.; Epping, E.; Geng, W.; Langer, R.; Vunjak-Novakovic, G. Oxygen gradients correlate with cell density and

cell viability in engineered cardiac tissue. Biotechnol. Bioeng. 2006, 93, 332–343. [CrossRef]
5. Visconti, R.P.; Kasyanov, V.; Gentile, C.; Zhang, J.; Markwald, R.R.; Mironov, V. Towards organ printing: Engineering an

intra-organ branched vascular tree. Expert. Opin. Biol. Ther. 2010, 10, 409–420. [CrossRef]

http://doi.org/10.1007/s40883-015-0006-z
http://www.ncbi.nlm.nih.gov/pubmed/26985451
http://doi.org/10.1089/ten.teb.2011.0553
http://www.ncbi.nlm.nih.gov/pubmed/22220809
http://doi.org/10.1159/000336876
http://www.ncbi.nlm.nih.gov/pubmed/22456224
http://doi.org/10.1002/bit.20722
http://doi.org/10.1517/14712590903563352


Int. J. Mol. Sci. 2023, 24, 891 18 of 25

6. Fleischer, S.; Tavakol, D.N.; Vunjak-Novakovic, G. From arteries to capillaries: Approaches to engineering human vasculature.
Adv. Funct. Mater. 2020, 30, 1910811. [CrossRef]

7. Riemenschneider, S.B.; Mattia, D.J.; Wendel, J.S.; Schaefer, J.A.; Ye, L.; Guzman, P.A.; Tranquillo, R.T. Inosculation and perfusion
of pre-vascularized tissue patches containing aligned human microvessels after myocardial infarction. Biomaterials 2016, 97, 51–61.
[CrossRef]

8. Kim, J.J.; Hou, L.; Huang, N.F. Vascularization of three-dimensional engineered tissues for regenerative medicine applications.
Acta Biomater. 2016, 41, 17–26. [CrossRef]

9. Tremblay, P.-L.; Hudon, V.; Berthod, F.; Germain, L.; Auger, F.A. Inosculation of tissue-engineered capillaries with the host’s
vasculature in a reconstructed skin transplanted on mice. Am. J. Transplant. 2005, 5, 1002–1010. [CrossRef]

10. Strassburg, S.; Nienhueser, H.; Björn Stark, G.; Finkenzeller, G.; Torio-Padron, N. Co-culture of adipose-derived stem cells and
endothelial cells in fibrin induces angiogenesis and vasculogenesis in a chorioallantoic membrane model. J. Tissue Eng. Regen.
Med. 2016, 10, 496–506. [CrossRef]

11. Rophael, J.A.; Craft, R.O.; Palmer, J.A.; Hussey, A.J.; Thomas, G.P.L.; Morrison, W.A.; Penington, A.J.; Mitchell, G.M. Angiogenic
growth factor synergism in a murine tissue engineering model of angiogenesis and adipogenesis. Am. J. Pathol. 2007, 171,
2048–2057. [CrossRef] [PubMed]

12. Borges, J.; Mueller, M.C.; Padron, N.T.; Tegtmeier, F.; Lang, E.M.; Stark, G.B. Engineered adipose tissue supplied by functional
microvessels. Tissue Eng. 2003, 9, 1263–1270. [CrossRef] [PubMed]

13. Rauch, M.F.; Hynes, S.R.; Bertram, J.; Redmond, A.; Robinson, R.; Williams, C.; Xu, H.; Madri, J.A.; Lavik, E.B. Engineering
angiogenesis following spinal cord injury: A coculture of neural progenitor and endothelial cells in a degradable polymer implant
leads to an increase in vessel density and formation of the blood-spinal cord barrier. Eur. J. Neurosci. 2009, 29, 132–145. [CrossRef]
[PubMed]

14. Koob, S.; Torio-Padron, N.; Stark, G.B.; Hannig, C.; Stankovic, Z.; Finkenzeller, G. Bone formation and neovascularization
mediated by mesenchymal stem cells and endothelial cells in critical-sized calvarial defects. Tissue Eng. Part A 2011, 17, 311–321.
[CrossRef]

15. Koike, N.; Fukumura, D.; Gralla, O.; Au, P.; Schechner, J.S.; Jain, R.K. Tissue engineering: Creation of long-lasting blood vessels.
Nature 2004, 428, 138–139. [CrossRef]

16. Lee, J.M.; Yeong, W.Y. Design and printing strategies in 3D bioprinting of cell-hydrogels: A review. Adv. Healthc. Mater. 2016, 5,
2856–2865. [CrossRef]

17. Liu, F.; Liu, C.; Chen, Q.; Ao, Q.; Tian, X.; Fan, J.; Tong, H.; Wang, X. Progress in organ 3D bioprinting. Int. J. Bioprint. 2018, 4, 128.
[CrossRef]

18. Gentile, C.; Fleming, P.A.; Mironov, V.; Argraves, K.M.; Argraves, W.S.; Drake, C.J. VEGF-mediated fusion in the generation of
uniluminal vascular spheroids. Dev. Dyn. Off. Publ. Am. Assoc. Anat. 2008, 237, 2918–2925. [CrossRef]

19. Gao, G.F.; Cui, X.F. Three-dimensional bioprinting in tissue engineering and regenerative medicine. Biotechnol. Lett. 2016, 38,
203–211. [CrossRef]

20. Cui, X.; Dean, D.; Ruggeri, Z.M.; Boland, T. Cell damage evaluation of thermal inkjet printed Chinese hamster ovary cells.
Biotechnol. Bioeng. 2010, 106, 963–969. [CrossRef]

21. Cui, X.; Boland, T. Human microvasculature fabrication using thermal inkjet printing technology. Biomaterials 2009, 30, 6221–6227.
[CrossRef] [PubMed]

22. Onses, M.S.; Sutanto, E.; Ferreira, P.M.; Alleyne, A.G.; Rogers, J.A. Mechanisms, capabilities, and applications of high-resolution
electrohydrodynamic jet printing. Small 2015, 11, 4237–4266. [CrossRef] [PubMed]

23. Choi, H.K.; Park, J.-U.; Park, O.O.; Ferreira, P.M.; Georgiadis, J.G.; Rogers, J.A. Scaling laws for jet pulsations associated with
high-resolution electrohydrodynamic printing. Appl. Phys. Lett. 2008, 92, 123109. [CrossRef]

24. Derby, B. Inkjet printing of functional and structural materials: Fluid property requirements, feature stability, and resolution.
Annu. Rev. Mater. Res. 2010, 40, 395–414. [CrossRef]

25. Wang, L.; Luo, Y.D.; Ahmad, Z.; Li, J.S.; Chang, M.W. Fabrication of stacked-ring netted tubular constructs via 3D template
electrohydrodynamic printing. J. Mater. Sci. 2018, 53, 11943–11950. [CrossRef]

26. Zheng, F.; Derby, B.; Wong, J. Fabrication of microvascular constructs using high resolution electrohydrodynamic inkjet printing.
Biofabrication 2020, 13, 035006. [CrossRef]

27. Nahmias, Y.; Schwartz, R.E.; Verfaillie, C.M.; Odde, D.J. Laser-guided direct writing for three-dimensional tissue engineering.
Biotechnol. Bioeng. 2005, 92, 129–136. [CrossRef]

28. Guillemot, F.; Souquet, A.; Catros, S.; Guillotin, B.; Lopez, J.; Faucon, M.; Pippenger, B.; Bareille, R.; Rémy, M.; Bellance, S.; et al.
High-throughput laser printing of cells and biomaterials for tissue engineering. Acta Biomater. 2010, 6, 2494–2500. [CrossRef]

29. Schiele, N.R.; Corr, D.T.; Huang, Y.; Raof, N.A.; Xie, Y.; Chrisey, D.B. Laser-based direct-write techniques for cell printing.
Biofabrication 2010, 2, 032001. [CrossRef]

30. Dinca, V.; Ranella, A.; Farsari, M.; Kafetzopoulos, D.; Dinescu, M.; Popescu, A.; Fotakis, C. Quantification of the activity of
biomolecules in microarrays obtained by direct laser transfer. Biomed Microdevices 2008, 10, 719–725. [CrossRef]

31. Sasmal, P.; Datta, P.; Wu, Y.; Ozbolat, I.T. 3D bioprinting for modelling vasculature. Microphysiol. Syst. 2018, 2, 9. [CrossRef]
[PubMed]

http://doi.org/10.1002/adfm.201910811
http://doi.org/10.1016/j.biomaterials.2016.04.031
http://doi.org/10.1016/j.actbio.2016.06.001
http://doi.org/10.1111/j.1600-6143.2005.00790.x
http://doi.org/10.1002/term.1769
http://doi.org/10.2353/ajpath.2007.070066
http://www.ncbi.nlm.nih.gov/pubmed/18055559
http://doi.org/10.1089/10763270360728170
http://www.ncbi.nlm.nih.gov/pubmed/14670114
http://doi.org/10.1111/j.1460-9568.2008.06567.x
http://www.ncbi.nlm.nih.gov/pubmed/19120441
http://doi.org/10.1089/ten.tea.2010.0338
http://doi.org/10.1038/428138a
http://doi.org/10.1002/adhm.201600435
http://doi.org/10.18063/ijb.v4i1.128
http://doi.org/10.1002/dvdy.21720
http://doi.org/10.1007/s10529-015-1975-1
http://doi.org/10.1002/bit.22762
http://doi.org/10.1016/j.biomaterials.2009.07.056
http://www.ncbi.nlm.nih.gov/pubmed/19695697
http://doi.org/10.1002/smll.201500593
http://www.ncbi.nlm.nih.gov/pubmed/26122917
http://doi.org/10.1063/1.2903700
http://doi.org/10.1146/annurev-matsci-070909-104502
http://doi.org/10.1007/s10853-018-2468-0
http://doi.org/10.1088/1758-5090/abd158
http://doi.org/10.1002/bit.20585
http://doi.org/10.1016/j.actbio.2009.09.029
http://doi.org/10.1088/1758-5082/2/3/032001
http://doi.org/10.1007/s10544-008-9183-6
http://doi.org/10.21037/mps.2018.10.02
http://www.ncbi.nlm.nih.gov/pubmed/30931432


Int. J. Mol. Sci. 2023, 24, 891 19 of 25

32. Mandrycky, C.; Wang, Z.; Kim, K.; Kim, D.-H. 3D bioprinting for engineering complex tissues. Biotechnol. Adv. 2016, 34, 422–434.
[CrossRef]

33. Datta, P.; Ayan, B.; Ozbolat, I.T. Bioprinting for vascular and vascularized tissue biofabrication. Acta Biomater. 2017, 51, 1–20.
[CrossRef] [PubMed]

34. Gruene, M.; Pflaum, M.; Hess, C.; Diamantouros, S.; Schlie, S.; Deiwick, A.; Koch, L.; Wilhelmi, M.; Jockenhoevel, S.; Haverich,
A.; et al. Laser printing of three-dimensional multicellular arrays for studies of cell-cell and cell-environment interactions. Tissue
Eng. Part C Methods 2011, 17, 973–982. [CrossRef] [PubMed]

35. Koch, L.; Deiwick, A.; Chichkov, B. Capillary-like formations of endothelial cells in defined patterns generated by laser bioprinting.
Micromachines 2021, 12, 1538. [CrossRef]

36. Kant, R.J.; Coulombe, K.L.K. Integrated approaches to spatiotemporally directing angiogenesis in host and engineered tissues.
Acta Biomater. 2018, 69, 42–62. [CrossRef] [PubMed]

37. Kérourédan, O.; Bourget, J.-M.; Rémy, M.; Crauste-Manciet, S.; Kalisky, J.; Catros, S.; Thébaud, N.B.; Devillard, R. Micropatterning
of endothelial cells to create a capillary-like network with defined architecture by laser-assisted bioprinting. J. Mater. Sci. Mater.
Med. 2019, 30, 28. [CrossRef]

38. Orimi, H.E.; Kolkooh, S.S.H.; Hooker, E.; Narayanswamy, S.; Larrivee, B.; Boutopoulos, C. Drop-on-demand cell bioprinting via
Laser Induced Side Transfer (LIST). Sci. Rep. 2020, 10, 9730. [CrossRef]

39. Ebrahimi Orimi, H.; Hooker, E.; Narayanswamy, S.; Larrivée, B.; Boutopoulos, C. Spatially guided endothelial tubulogenesis by
laser-induced side transfer (LIST) bioprinting of HUVECs. Bioprinting 2022, 28, e00240. [CrossRef]

40. Keriquel, V.; Oliveira, H.; Rémy, M.; Ziane, S.; Delmond, S.; Rousseau, B.; Rey, S.; Catros, S.; Amédée, J.; Guillemot, F.; et al. In situ
printing of mesenchymal stromal cells, by laser-assisted bioprinting, for in vivo bone regeneration applications. Sci. Rep. 2017,
7, 1778. [CrossRef]

41. Kerouredan, O.; Hakobyan, D.; Remy, M.; Ziane, S.; Dusserre, N.; Fricain, J.C.; Delmond, S.; Thebaud, N.B.; Devillard, R. In situ
prevascularization designed by laser-assisted bioprinting: Effect on bone regeneration. Biofabrication 2019, 11, 045002. [CrossRef]

42. Liu, F.; Wang, X. Synthetic polymers for organ 3D printing. Polymers 2020, 12, 1765. [CrossRef] [PubMed]
43. Wang, X. Advanced polymers for three-dimensional (3D) organ bioprinting. Micromachines 2019, 10, 814. [CrossRef] [PubMed]
44. Davoodi, E.; Sarikhani, E.; Montazerian, H.; Ahadian, S.; Costantini, M.; Swieszkowski, W.; Willerth, S.; Walus, K.; Mofidfar, M.;

Toyserkani, E.; et al. Extrusion and microfluidic-based bioprinting to fabricate biomimetic tissues and organs. Adv. Mater. Technol.
2020, 5, 1901044. [CrossRef] [PubMed]

45. Norotte, C.; Marga, F.S.; Niklason, L.E.; Forgacs, G. Scaffold-free vascular tissue engineering using bioprinting. Biomaterials 2009,
30, 5910–5917. [CrossRef]

46. Accolla, R.P.; Simmons, A.M.; Stabler, C.L. Integrating additive manufacturing techniques to improve cell-based implants for the
treatment of type 1 diabetes. Adv. Healthc. Mater. 2022, 11, e2200243. [CrossRef]

47. Yan, Y.; Wang, X.; Pan, Y.; Liu, H.; Cheng, J.; Xiong, Z.; Lin, F.; Wu, R.; Zhang, R.; Lu, Q. Fabrication of viable tissue-engineered
constructs with 3D cell-assembly technique. Biomaterials 2005, 26, 5864–5871. [CrossRef]

48. Wang, X.; Yan, Y.; Pan, Y.; Xiong, Z.; Liu, H.; Cheng, J.; Liu, F.; Lin, F.; Wu, R.; Zhang, R.; et al. Generation of three-dimensional
hepatocyte/gelatin structures with rapid prototyping system. Tissue Eng. 2006, 12, 83–90. [CrossRef]

49. Huang, Y.; He, K.; Wang, X. Rapid prototyping of a hybrid hierarchical polyurethane-cell/hydrogel construct for regenerative
medicine. Mater. Sci. Eng. C Mater. Biol. Appl. 2013, 33, 3220–3229. [CrossRef]

50. Wang, X.; Ao, Q.; Tian, X.; Fan, J.; Tong, H.; Hou, W.; Bai, S. Gelatin-based hydrogels for organ 3D bioprinting. Polymers 2017,
9, 401. [CrossRef]

51. Zhao, X.; Du, S.; Chai, L.; Xu, Y.; Liu, L.; Zhou, X.; Wang, J.; Zhang, W.; Liu, C.-H.; Wang, X. Anti-cancer drug screening based on
an adipose-derived stem cell/hepatocyte 3D printing technique. J. Stem Cell Res. Ther. 2015, 5, 4. [CrossRef]

52. Zhou, X.; Liu, C.; Wang, X. A 3D bioprinting liver tumor model for drug screening. World J. Pharm. Pharm. Sci. 2016, 5, 196–213.
53. Yan, Y.; Wang, X.; Xiong, Z.; Liu, H.; Liu, F.; Lin, F.; Wu, R.; Zhang, R.; Lu, Q. Direct construction of a three-dimensional structure

with cells and hydrogel. J. Bioact. Compat. Polym. 2005, 20, 259–269. [CrossRef]
54. Yao, R.; Zhang, R.; Yan, Y.; Wang, X. In vitro angiogenesis of 3D tissue engineered adipose tissue. J. Bioact. Compat. Polym. 2009,

24, 5–24.
55. Sui, S.; Wang, X.; Liu, P.; Yan, Y.; Zhang, R. Cryopreservation of cells in 3D constructs based on controlled cell assembly processes.

J. Bioact. Compat. Polym. 2009, 24, 473–487. [CrossRef]
56. Wang, X.; Xu, H. Incorporation of DMSO and dextran-40 into a gelatin/alginate hydrogel for controlled assembled cell cryop-

reservation. Cryobiology 2010, 61, 345–351. [CrossRef]
57. Li, S.; Xiong, Z.; Wang, X.; Yan, Y.; Liu, H.; Zhang, R. Direct fabrication of a hybrid cell/hydrogel construct by a double-nozzle

assembling technology. J. Bioact. Compat. Polym. 2009, 24, 249–265.
58. Xu, M.; Yan, Y.; Liu, H.; Yao, Y.; Wang, X. Control adipose-derived stromal cells differentiation into adipose and endothelial cells

in a 3-D structure established by cell-assembly technique. J. Bioact. Compat. Polym. 2009, 24, 31–47. [CrossRef]
59. Xu, M.; Wang, X.; Yan, Y.; Yao, R.; Ge, Y. A cell-assembly derived physiological 3D model of the metabolic syndrome, based on

adipose-derived stromal cells and a gelatin/alginate/fibrinogen matrix. Biomaterials 2010, 31, 3868–3877. [CrossRef]
60. Wang, X. Editorial: Drug delivery design for regenerative medicine. Curr. Pharm. Des. 2015, 21, 1503–1505. [CrossRef]

http://doi.org/10.1016/j.biotechadv.2015.12.011
http://doi.org/10.1016/j.actbio.2017.01.035
http://www.ncbi.nlm.nih.gov/pubmed/28087487
http://doi.org/10.1089/ten.tec.2011.0185
http://www.ncbi.nlm.nih.gov/pubmed/21585313
http://doi.org/10.3390/mi12121538
http://doi.org/10.1016/j.actbio.2018.01.017
http://www.ncbi.nlm.nih.gov/pubmed/29371132
http://doi.org/10.1007/s10856-019-6230-1
http://doi.org/10.1038/s41598-020-66565-x
http://doi.org/10.1016/j.bprint.2022.e00240
http://doi.org/10.1038/s41598-017-01914-x
http://doi.org/10.1088/1758-5090/ab2620
http://doi.org/10.3390/polym12081765
http://www.ncbi.nlm.nih.gov/pubmed/32784562
http://doi.org/10.3390/mi10120814
http://www.ncbi.nlm.nih.gov/pubmed/31775349
http://doi.org/10.1002/admt.201901044
http://www.ncbi.nlm.nih.gov/pubmed/33072855
http://doi.org/10.1016/j.biomaterials.2009.06.034
http://doi.org/10.1002/adhm.202200243
http://doi.org/10.1016/j.biomaterials.2005.02.027
http://doi.org/10.1089/ten.2006.12.83
http://doi.org/10.1016/j.msec.2013.03.048
http://doi.org/10.3390/polym9090401
http://doi.org/10.4172/2157-7633.1000273
http://doi.org/10.1177/0883911505053658
http://doi.org/10.1177/0883911509338990
http://doi.org/10.1016/j.cryobiol.2010.10.161
http://doi.org/10.1177/0883911509102794
http://doi.org/10.1016/j.biomaterials.2010.01.111
http://doi.org/10.2174/138161282112150220122841


Int. J. Mol. Sci. 2023, 24, 891 20 of 25

61. Maina, R.M.; Barahona, M.J.; Geibel, P.; Lysyy, T.; Finotti, M.; Isaji, T.; Wengerter, B.; Mentone, S.; Dardik, A.; Geibel, J.P.
Hydrogel-based 3D bioprints repair rat small intestine injuries and integrate into native intestinal tissue. J. Tissue Eng. Regen.
Med. 2021, 15, 129–138. [CrossRef] [PubMed]

62. Xu, L.; Varkey, M.; Jorgensen, A.; Ju, J.; Jin, Q.; Park, J.H.; Fu, Y.; Zhang, G.; Ke, D.; Zhao, W.; et al. Bioprinting small diameter
blood vessel constructs with an endothelial and smooth muscle cell bilayer in a single step. Biofabrication 2020, 12, 045012.
[CrossRef]

63. Kolesky, D.B.; Truby, R.L.; Gladman, A.S.; Busbee, T.A.; Homan, K.A.; Lewis, J.A. 3D bioprinting of vascularized, heterogeneous
cell-laden tissue constructs. Adv. Mater. 2014, 26, 3124–3130. [CrossRef] [PubMed]

64. De Moor, L.; Smet, J.; Plovyt, M.; Bekaert, B.; Vercruysse, C.; Asadian, M.; De Geyter, N.; Van Vlierberghe, S.; Dubruel, P.; Declercq,
H. Engineering microvasculature by 3D bioprinting of prevascularized spheroids in photo-crosslinkable gelatin. Biofabrication
2021, 13, 045021. [CrossRef]

65. Liu, X.; Wang, X.; Zhang, L.; Sun, L.; Wang, H.; Zhao, H.; Zhang, Z.; Liu, W.; Huang, Y.; Ji, S.; et al. 3D Liver tissue model with
branched vascular networks by multimaterial bioprinting. Adv. Healthc. Mater. 2021, 10, e2101405. [CrossRef] [PubMed]

66. Liu, Y.; Zhang, Y.; Mei, T.; Cao, H.; Hu, Y.; Jia, W.; Wang, J.; Zhang, Z.; Wang, Z.; Le, W.; et al. hESCs-derived early vascular cell
spheroids for cardiac tissue vascular engineering and myocardial infarction treatment. Adv. Sci. 2022, 9, e2104299. [CrossRef]
[PubMed]

67. Zhang, Y.; Yu, Y.; Akkouch, A.; Dababneh, A.; Dolati, F.; Ozbolat, I.T. Coaxial scale-up printing of diameter-tunable biohybrid
hydrogel microtubes with high strength, perfusability, and endothelialization. Biomater. Sci. 2015, 3, 134–143. [CrossRef]

68. Millik, S.C.; Dostie, A.M.; Karis, D.G.; Smith, P.T.; McKenna, M.; Chan, N.; Curtis, C.D.; Nance, E.; Theberge, A.B.; Nelson, A. 3D
printed coaxial nozzles for the extrusion of hydrogel tubes toward modeling vascular endothelium. Biofabrication 2019, 11, 045009.
[CrossRef]

69. Liang, Q.F.; Gao, F.; Zeng, Z.W.; Yang, J.R.; Wu, M.M.; Gao, C.J.; Cheng, D.L.; Pan, H.B.; Liu, W.G.; Ruan, C.S. Coaxial scale-up
printing of diameter-tunable biohybrid hydrogel microtubes with high strength, perfusability, and endothelialization. Adv. Funct.
Mater. 2020, 30, 2001485. [CrossRef]

70. Pi, Q.; Maharjan, S.; Yan, X.; Liu, X.; Singh, B.; van Genderen, A.M.; Robledo-Padilla, F.; Parra-Saldivar, R.; Hu, N.; Jia, W.; et al.
Digitally tunable microfluidic bioprinting of multilayered cannular tissues. Adv. Mater. 2018, 30, e1706913. [CrossRef] [PubMed]

71. Zhou, X.; Nowicki, M.; Sun, H.; Hann, S.Y.; Cui, H.; Esworthy, T.; Lee, J.D.; Plesniak, M.; Zhang, L.G. 3D bioprinting-tunable
small-diameter blood vessels with biomimetic biphasic cell layers. ACS Appl. Mater. Interfaces 2020, 12, 45904–45915. [CrossRef]

72. Bosch-Rue, E.; Delgado, L.M.; Gil, F.J.; Perez, R.A. Direct extrusion of individually encapsulated endothelial and smooth muscle
cells mimicking blood vessel structures and vascular native cell alignment. Biofabrication 2021, 13, 015003. [CrossRef]

73. Bosch-Rue, E.; Diez-Tercero, L.; Delgado, L.M.; Perez, R.A. Biofabrication of collagen tissue-engineered blood vessels with direct
co-axial extrusion. Int. J. Mol. Sci. 2022, 23, 5618. [CrossRef]

74. Wang, D.; Maharjan, S.; Kuang, X.; Wang, Z.; Mille, L.S.; Tao, M.; Yu, P.; Cao, X.; Lian, L.; Lv, L.; et al. Microfluidic bioprinting of
tough hydrogel-based vascular conduits for functional blood vessels. Sci. Adv. 2022, 8, eabq6900. [CrossRef]

75. Hinton, T.J.; Jallerat, Q.; Palchesko, R.N.; Park, J.H.; Grodzicki, M.S.; Shue, H.J.; Ramadan, M.H.; Hudson, A.R.; Feinberg, A.W.
Three-dimensional printing of complex biological structures by freeform reversible embedding of suspended hydrogels. Sci. Adv.
2015, 1, e1500758. [CrossRef]

76. Lee, A.; Hudson, A.R.; Shiwarski, D.J.; Tashman, J.; Hinton, T.J.; Yerneni, S.; Bliley, J.M.; Campbell, P.G.; Feinberg, A.W. 3D
bioprinting of collagen to rebuild components of the human heart. Science 2019, 365, 482–487. [CrossRef]

77. Li, S.; Tian, X.; Fan, J.; Tong, H.; Ao, Q.; Wang, X. Chitosans for tissue repair and organ three-dimensional (3D) bioprinting.
Micromachines 2019, 10, 765. [CrossRef]

78. Petta, D.; Basoli, V.; Pellicciotta, D.; Tognato, R.; Barcik, J.; Arrigoni, C.; Bella, E.D.; Armiento, A.R.; Candrian, C.; Richards,
R.G.; et al. Sound-induced morphogenesis of multicellular systems for rapid orchestration of vascular networks. Biofabrication
2020, 13, 015004. [CrossRef]

79. Grigoryan, B.; Paulsen, S.J.; Corbett, D.C.; Sazer, D.W.; Fortin, C.L.; Zaita, A.J.; Greenfield, P.T.; Calafat, N.J.; Gounley, J.P.; Ta,
A.H.; et al. Multivascular networks and functional intravascular topologies within biocompatible hydrogels. Science 2019, 364,
458–464. [CrossRef]

80. Anandakrishnan, N.; Ye, H.; Guo, Z.; Chen, Z.; Mentkowski, K.I.; Lang, J.K.; Rajabian, N.; Andreadis, S.T.; Ma, Z.; Spernyak,
J.A.; et al. Fast stereolithography printing of large-scale biocompatible hydrogel models. Adv. Healthc. Mater. 2021, 10, e2002103.
[CrossRef]

81. Kreimendahl, F.; Kniebs, C.; Sobreiro, A.M.T.; Schmitz-Rode, T.; Jockenhoevel, S.; Thiebes, A.L. FRESH bioprinting technology
for tissue engineering—The influence of printing process and bioink composition on cell behavior and vascularization. J. Appl.
Biomater. Func. 2021, 19, 22808000211028808. [CrossRef] [PubMed]

82. Shiwarski, D.J.; Hudson, A.; Tashman, J.; Straub, A.; Feinberg, A. FRESH 3D bioprinted collagen-based resistance vessels and
multiscale vascular microfluidics. FASEB J. 2022, 36, 22808000211028808. [CrossRef]

83. Zhou, Y. The application of ultrasound in 3D bio-printing. Molecules 2016, 21, 590. [CrossRef]
84. Chansoria, P.; Narayanan, L.K.; Schuchard, K.; Shirwaiker, R. Ultrasound-assisted biofabrication and bioprinting of preferentially

aligned three-dimensional cellular constructs. Biofabrication 2019, 11, 035015. [CrossRef] [PubMed]

http://doi.org/10.1002/term.3157
http://www.ncbi.nlm.nih.gov/pubmed/33197151
http://doi.org/10.1088/1758-5090/aba2b6
http://doi.org/10.1002/adma.201305506
http://www.ncbi.nlm.nih.gov/pubmed/24550124
http://doi.org/10.1088/1758-5090/ac24de
http://doi.org/10.1002/adhm.202101405
http://www.ncbi.nlm.nih.gov/pubmed/34634194
http://doi.org/10.1002/advs.202104299
http://www.ncbi.nlm.nih.gov/pubmed/35092352
http://doi.org/10.1039/C4BM00234B
http://doi.org/10.1088/1758-5090/ab2b4d
http://doi.org/10.1002/adfm.202001485
http://doi.org/10.1002/adma.201706913
http://www.ncbi.nlm.nih.gov/pubmed/30136318
http://doi.org/10.1021/acsami.0c14871
http://doi.org/10.1088/1758-5090/abbd27
http://doi.org/10.3390/ijms23105618
http://doi.org/10.1126/sciadv.abq6900
http://doi.org/10.1126/sciadv.1500758
http://doi.org/10.1126/science.aav9051
http://doi.org/10.3390/mi10110765
http://doi.org/10.1088/1758-5090/abbb9c
http://doi.org/10.1126/science.aav9750
http://doi.org/10.1002/adhm.202002103
http://doi.org/10.1177/22808000211028808
http://www.ncbi.nlm.nih.gov/pubmed/34282976
http://doi.org/10.1096/fasebj.2022.36.S1.R6022
http://doi.org/10.3390/molecules21050590
http://doi.org/10.1088/1758-5090/ab15cf
http://www.ncbi.nlm.nih.gov/pubmed/30943460


Int. J. Mol. Sci. 2023, 24, 891 21 of 25

85. Jentsch, S.; Nasehi, R.; Kuckelkorn, C.; Gundert, B.; Aveic, S.; Fischer, H. Multiscale 3d bioprinting by nozzle-free acoustic droplet
ejection. Small Methods 2021, 5, e2000971. [CrossRef]

86. Kang, B.; Shin, J.; Park, H.J.; Rhyou, C.; Kang, D.; Lee, S.J.; Yoon, Y.S.; Cho, S.W.; Lee, H. High-resolution acoustophoretic 3D cell
patterning to construct functional collateral cylindroids for ischemia therapy. Nat. Commun. 2018, 9, 5402. [CrossRef]

87. Fritzler, K.B.; Prinz, V.Y. 3D printing methods for micro- and nanostructures. Physics-Uspekhi 2019, 62, 54–69. [CrossRef]
88. Farahani, R.D.; Dube, M. Printing polymer nanocomposites and composites in three dimensions. Adv. Eng. Mater. 2018, 20,

1700539. [CrossRef]
89. Sphabmixay, P.; Raredon, M.S.B.; Wang, A.J.S.; Lee, H.; Hammond, P.T.; Fang, N.X.; Griffith, L.G. High resolution stereolithography

fabrication of perfusable scaffolds to enable long-term meso-scale hepatic culture for disease modeling. Biofabrication 2021, 13,
045024. [CrossRef]

90. Espinosa-Hoyos, D.; Jagielska, A.; Homan, K.A.; Du, H.; Busbee, T.; Anderson, D.G.; Fang, N.X.; Lewis, J.A.; Van Vliet, K.J.
Engineered 3D-printed artificial axons. Sci. Rep. 2018, 8, 478. [CrossRef]

91. Thomas, A.; Orellano, I.; Lam, T.; Noichl, B.; Geiger, M.A.; Amler, A.K.; Kreuder, A.E.; Palmer, C.; Duda, G.; Lauster, R.; et al.
Vascular bioprinting with enzymatically degradable bioinks via multi-material projection-based stereolithography. Acta Biomater.
2020, 117, 121–132. [CrossRef] [PubMed]

92. Breideband, L.; Wachtershauser, K.N.; Hafa, L.; Wieland, K.; Frangakis, A.S.; Stelzer, E.H.K.; Pampaloni, F. Upgrading a consumer
stereolithographic 3d printer to produce a physiologically relevant model with human liver cancer organoids. Adv. Mater. Technol.
2022, 7, 2200029. [CrossRef]

93. Mazari-Arrighi, E.; Ayollo, D.; Farhat, W.; Marret, A.; Gontran, E.; Dupuis-Williams, P.; Larghero, J.; Chatelain, F.; Fuchs, A.
Construction of functional biliary epithelial branched networks with predefined geometry using digital light stereolithography.
Biomaterials 2021, 279, 121207. [CrossRef] [PubMed]

94. Xue, D.; Wang, Y.; Zhang, J.; Mei, D.; Wang, Y.; Chen, S. Projection-based 3d printing of cell patterning scaffolds with multiscale
channels. ACS Appl. Mater. Interfaces 2018, 10, 19428–19435. [CrossRef]

95. Rouwkema, J.; Khademhosseini, A. Vascularization and angiogenesis in tissue engineering: Beyond creating static networks.
Trends Biotechnol. 2016, 34, 733–745. [CrossRef]

96. Kannan, R.Y.; Salacinski, H.J.; Butler, P.E.; Hamilton, G.; Seifalian, A.M. Current status of prosthetic bypass grafts: A review. J.
Biomed. Mater. Res. Part B Appl. Biomater. 2005, 74, 570–581. [CrossRef] [PubMed]

97. Tiwari, A.; Salacinski, H.; Seifalian, A.M.; Hamilton, G. New prostheses for use in bypass grafts with special emphasis on
polyurethanes. Cardiovasc. Surg. 2002, 10, 191–197. [CrossRef] [PubMed]

98. Devillard, C.D.; Marquette, C. Vascular tissue engineering: Challenges and requirements for an ideal large scale blood vessel.
Front. Bioeng. Biotechnol. 2021, 9, 721843. [CrossRef]

99. Su, H.X.; Li, Q.T.; Li, D.G.; Li, H.F.; Feng, Q.; Cao, X.D. A versatile strategy to construct free-standing multi-furcated vessels
and a complicated vascular network in heterogeneous porous scaffolds via combination of 3D printing and stimuli-responsive
hydrogels. Mater. Horiz. 2022, 9, 2393–2407. [CrossRef]

100. Xu, Y.; Xu, C.; He, L.; Zhou, J.; Chen, T.; Ouyang, L.; Guo, X.; Qu, Y.; Luo, Z.; Duan, D. Stratified-structural hydrogel incorporated
with magnesium-ion-modified black phosphorus nanosheets for promoting neuro-vascularized bone regeneration. Bioact. Mater.
2022, 16, 271–284. [CrossRef]

101. Zhu, W.; Qu, X.; Zhu, J.; Ma, X.; Patel, S.; Liu, J.; Wang, P.; Lai, C.S.; Gou, M.; Xu, Y.; et al. Direct 3D bioprinting of prevascularized
tissue constructs with complex microarchitecture. Biomaterials 2017, 124, 106–115. [CrossRef] [PubMed]

102. Somasekhar, L.; Huynh, N.D.; Vecheck, A.; Kishore, V.; Bashur, C.A.; Mitra, K. Three-dimensional printing of cell-laden
microporous constructs using blended bioinks. J. Biomed. Mater. Res. A 2022, 110, 535–546. [CrossRef] [PubMed]

103. Zhang, J.; Wehrle, E.; Adamek, P.; Paul, G.R.; Qin, X.H.; Rubert, M.; Muller, R. Optimization of mechanical stiffness and cell
density of 3D bioprinted cell-laden scaffolds improves extracellular matrix mineralization and cellular organization for bone
tissue engineering. Acta Biomater. 2020, 114, 307–322. [CrossRef] [PubMed]

104. Chiu, L.L.Y.; Radisic, M. Scaffolds with covalently immobilized VEGF and angiopoietin-1 for vascularization of engineered
tissues. Biomaterials 2010, 31, 226–241. [CrossRef]

105. Wang, X.; Yan, Y.; Zhang, R. Recent trends and challenges in complex organ manufacturing. Tissue Eng. B 2010, 16, 189–197.
[CrossRef]

106. Xu, W.; Wang, X.; Yan, Y.; Zhang, R. A polyurethane-gelatin hybrid construct for the manufacturing of implantable bioartificial
livers. J. Bioact. Compat. Polym. 2008, 23, 409–422. [CrossRef]

107. He, K.; Wang, X. Rapid prototyping of tubular polyurethane and cell/hydrogel constructs. J. Bioact. Compat. Polym. 2011, 26,
363–374.

108. Cui, T.; Yan, Y.; Zhang, R.; Liu, L.; Xu, W.; Wang, X. Rapid prototyping of a double layer polyurethane-collagen conduit for
peripheral nerve regeneration. Tissue Eng. Part C 2009, 15, 1–9. [CrossRef]

109. Wang, X.; Cui, T.; Yan, Y.; Zhang, R. Peroneal nerve regeneration along a new polyurethane-collagen guide conduit. J. Bioact.
Compat. Polym. 2009, 24, 109–127. [CrossRef]

110. Xu, W.; Wang, X.; Yan, Y.; Zhang, R. Rapid prototyping of polyurethane for the creation of vascular systems. J. Bioact. Compat.
Polym. 2008, 23, 103–114. [CrossRef]

111. Liu, L.; Wang, X. Creation of a vascular system for complex organ manufacturing. Int. J. Bioprint. 2015, 1, 77–86.

http://doi.org/10.1002/smtd.202000971
http://doi.org/10.1038/s41467-018-07823-5
http://doi.org/10.3367/UFNe.2017.11.038239
http://doi.org/10.1002/adem.201700539
http://doi.org/10.1088/1758-5090/ac23aa
http://doi.org/10.1038/s41598-017-18744-6
http://doi.org/10.1016/j.actbio.2020.09.033
http://www.ncbi.nlm.nih.gov/pubmed/32980542
http://doi.org/10.1002/admt.202200029
http://doi.org/10.1016/j.biomaterials.2021.121207
http://www.ncbi.nlm.nih.gov/pubmed/34741977
http://doi.org/10.1021/acsami.8b03867
http://doi.org/10.1016/j.tibtech.2016.03.002
http://doi.org/10.1002/jbm.b.30247
http://www.ncbi.nlm.nih.gov/pubmed/15889440
http://doi.org/10.1177/096721090201000301
http://www.ncbi.nlm.nih.gov/pubmed/12044423
http://doi.org/10.3389/fbioe.2021.721843
http://doi.org/10.1039/D2MH00314G
http://doi.org/10.1016/j.bioactmat.2022.02.024
http://doi.org/10.1016/j.biomaterials.2017.01.042
http://www.ncbi.nlm.nih.gov/pubmed/28192772
http://doi.org/10.1002/jbm.a.37303
http://www.ncbi.nlm.nih.gov/pubmed/34486214
http://doi.org/10.1016/j.actbio.2020.07.016
http://www.ncbi.nlm.nih.gov/pubmed/32673752
http://doi.org/10.1016/j.biomaterials.2009.09.039
http://doi.org/10.1089/ten.teb.2009.0576
http://doi.org/10.1177/0883911508095517
http://doi.org/10.1089/ten.tec.2008.0354
http://doi.org/10.1177/0883911508101183
http://doi.org/10.1177/0883911507088271


Int. J. Mol. Sci. 2023, 24, 891 22 of 25

112. Wang, X. Overview on biocompatibilities of implantable biomaterials. In Advances in Biomaterials Science and Biomedical Applications
in Biomedicine; Lazinica, R., Ed.; InTech: Rijeka, Croatia, 2013; pp. 111–155.

113. Wang, X.; Wang, J. Vascularization and adipogenesis of a spindle hierarchical adipose-derived stem cell/collagen/ alginate-PLGA
construct for breast manufacturing. IJITEE 2015, 4, 1–8.

114. Zhao, X.; Liu, L.; Wang, J.; Xu, Y.; Zhang, W.; Khang, G.; Wang, X. In vitro vascularization of a combined system based on a 3D
printing technique. J. Tissue Eng. Regen. Med. 2016, 10, 833–842. [CrossRef] [PubMed]

115. Zhao, X.; Wang, X. Preparation of an adipose-derived stem cell/fibrin-poly(DL-lactic-co-glycolic acid) construct based on a rapid
prototyping technique. J. Bioact. Compat. Polym. 2013, 28, 191–203. [CrossRef]

116. Wang, X.; Tuomi, J.; Mäkitie, A.A.; Poloheimo, K.-S.; Partanen, J.; Yliperttula, M. The integrations of biomaterials and rapid
prototyping techniques for intelligent manufacturing of complex organs. In Advances in Biomaterials Science and Applications in
Biomedicine; Lazinica, R., Ed.; InTech: Rijeka, Croatia, 2013; pp. 437–463.

117. Abaci, H.E.; Guo, Z.Y.; Coffman, A.; Gillette, B.; Lee, W.H.; Sia, S.K.; Christiano, A.M. Human skin constructs with spatially
controlled vasculature using primary and ipsc-derived ECs. Adv. Healthc. Mater. 2016, 5, 1800–1807. [CrossRef] [PubMed]

118. Neufeld, L.; Yeini, E.; Reisman, N.; Shtilerman, Y.; Ben-Shushan, D.; Pozzi, S.; Madi, A.; Tiram, G.; Eldar-Boock, A.; Ferber, S.; et al.
Microengineered perfusable 3D-bioprinted glioblastoma model for in vivo mimicry of tumor microenvironment. Sci. Adv. 2021,
7, eabi9119. [CrossRef]

119. Maiullari, F.; Costantini, M.; Milan, M.; Pace, V.; Chirivi, M.; Maiullari, S.; Rainer, A.; Baci, D.; Marei, H.E.; Seliktar, D.; et al.
A multi-cellular 3D bioprinting approach for vascularized heart tissue engineering based on HUVECs and iPSC-derived
cardiomyocytes. Sci. Rep. 2018, 8, 13532. [CrossRef]

120. Niu, Y.; Galluzzi, M. Hyaluronic acid/collagen nanofiber tubular scaffolds support endothelial cell proliferation, phenotypic
shape and endothelialization. Nanomaterials 2021, 11, 2334. [CrossRef]

121. Ma, W.; Zhang, X.; Liu, Y.; Fan, L.; Gan, J.; Liu, W.; Zhao, Y.; Sun, L. Polydopamine decorated microneedles with FE-MSC-derived
nanovesicles encapsulation for wound healing. Adv. Sci. 2022, 9, e2103317. [CrossRef]

122. Li, Y.; Xu, T.; Tu, Z.; Dai, W.; Xue, Y.; Tang, C.; Gao, W.; Mao, C.; Lei, B.; Lin, C. Bioactive antibacterial silica-based nanocomposites
hydrogel scaffolds with high angiogenesis for promoting diabetic wound healing and skin repair. Theranostics 2020, 10, 4929–4943.
[CrossRef]

123. Noor, N.; Shapira, A.; Edri, R.; Gal, I.; Wertheim, L.; Dvir, T. 3D printing of personalized thick and perfusable cardiac patches and
hearts. Adv. Sci. 2019, 6, 1900344. [CrossRef]

124. Gao, G.; Lee, J.H.; Jang, J.; Lee, D.H.; Kong, J.S.; Kim, B.S.; Choi, Y.J.; Jang, W.B.; Hong, Y.J.; Kwon, S.M.; et al. Tissue engineered
bio-blood-vessels constructed using a tissue-specific bioink and 3D coaxial cell printing technique: A novel therapy for ischemic
disease. Adv. Funct. Mater. 2017, 27, 1700798. [CrossRef]

125. Pellegata, A.F.; Dominioni, T.; Ballo, F.; Maestroni, S.; Asnaghi, M.A.; Zerbini, G.; Zonta, S.; Mantero, S. Arterial decellularized
scaffolds produced using an innovative automatic system. Cells Tissues Organs 2014, 200, 363–373. [CrossRef]

126. Xu, Y.Y.; Hu, Y.Y.; Liu, C.Y.; Yao, H.Y.; Liu, B.X.; Mi, S.L. A novel strategy for creating tissue-engineered biomimetic blood vessels
using 3D bioprinting technology. Materials 2018, 11, 1581. [CrossRef] [PubMed]

127. Kobayashi, M.; Kadota, J.; Hashimoto, Y.; Fujisato, T.; Nakamura, N.; Kimura, T.; Kishida, A. Elastic modulus of ecm hydrogels
derived from decellularized tissue affects capillary network formation in ECs. Int. J. Mol. Sci. 2020, 21, 6304. [CrossRef] [PubMed]

128. Sodupe-Ortega, E.; Sanz-Garcia, A.; Pernia-Espinoza, A.; Escobedo-Lucea, C. Accurate calibration in multi-material 3d bioprinting
for tissue engineering. Materials 2018, 11, 1402. [CrossRef]

129. Erdem, A.; Darabi, M.A.; Nasiri, R.; Sangabathuni, S.; Ertas, Y.N.; Alem, H.; Hosseini, V.; Shamloo, A.; Nasr, A.S.; Ahadian, S.; et al.
3D bioprinting of oxygenated cell-laden gelatin methacryloyl constructs. Adv. Healthc. Mater. 2020, 9, e1901794. [CrossRef]

130. Miri, A.K.; Hosseinabadi, H.G.; Cecen, B.; Hassan, S.; Zhang, Y.S. Permeability mapping of gelatin methacryloyl hydrogels. Acta
Biomater. 2018, 77, 38–47. [CrossRef]

131. Benoit, D.S.W.; Anseth, K.S. Heparin functionalized PEG gels that modulate protein adsorption for hMSC adhesion and
differentiation. Acta Biomater. 2005, 1, 461–470. [CrossRef]

132. Roy, T.; James, B.D.; Allen, J.B. Anti-VEGF-R2 aptamer and RGD peptide synergize in a bifunctional hydrogel for enhanced
angiogenic potential. Macromolecular bioscience. Macromol. Biosci. 2021, 21, e2000337. [CrossRef]

133. Zhao, J.H.; Han, W.Q.; Chen, H.D.; Tu, M.; Zeng, R.; Shi, Y.F.; Cha, Z.G.; Zhou, C.R. Preparation, structure and crystallinity of
chitosan nano-fibers by a solid-liquid phase separation technique. Carbohydr. Polym. 2011, 83, 1541–1546. [CrossRef]

134. Cui, L.; Li, J.; Long, Y.Z.; Hu, M.; Li, J.Q.; Lei, Z.J.; Wang, H.J.; Huang, R.; Li, X.Y. Vascularization of LBL structured nanofibrous
matrices with endothelial cells for tissue regeneration. RSC Adv. 2017, 7, 11462–11477. [CrossRef]

135. Wu, J.; Meredith, J.C. Assembly of chitin nanofibers into porous biomimetic structures via freeze drying. ACS Macro Lett. 2014, 3,
185–190. [CrossRef] [PubMed]

136. Rickel, A.P.; Deng, X.J.; Engebretson, D.; Hong, Z.K. Electrospun nanofiber scaffold for vascular tissue engineering. Mater. Sci.
Eng. C-Mater. Biol. Appl. 2021, 129, 112373. [CrossRef] [PubMed]

137. Kenar, H.; Ozdogan, C.Y.; Dumlu, C.; Doger, E.; Kose, G.T.; Hasirci, V. Microfibrous scaffolds from poly(L-lactide-co-epsilon-
caprolactone) blended with xeno-free collagen/hyaluronic acid for improvement of vascularization in tissue engineering
applications. Mater. Sci. Eng. C-Mater. Biol. Appl. 2019, 97, 31–44. [CrossRef]

http://doi.org/10.1002/term.1863
http://www.ncbi.nlm.nih.gov/pubmed/24399638
http://doi.org/10.1177/0883911513481892
http://doi.org/10.1002/adhm.201500936
http://www.ncbi.nlm.nih.gov/pubmed/27333469
http://doi.org/10.1126/sciadv.abi9119
http://doi.org/10.1038/s41598-018-31848-x
http://doi.org/10.3390/nano11092334
http://doi.org/10.1002/advs.202103317
http://doi.org/10.7150/thno.41839
http://doi.org/10.1002/advs.201900344
http://doi.org/10.1002/adfm.201700798
http://doi.org/10.1159/000439082
http://doi.org/10.3390/ma11091581
http://www.ncbi.nlm.nih.gov/pubmed/30200455
http://doi.org/10.3390/ijms21176304
http://www.ncbi.nlm.nih.gov/pubmed/32878178
http://doi.org/10.3390/ma11081402
http://doi.org/10.1002/adhm.201901794
http://doi.org/10.1016/j.actbio.2018.07.006
http://doi.org/10.1016/j.actbio.2005.03.002
http://doi.org/10.1002/mabi.202000337
http://doi.org/10.1016/j.carbpol.2010.10.009
http://doi.org/10.1039/C6RA26931A
http://doi.org/10.1021/mz400543f
http://www.ncbi.nlm.nih.gov/pubmed/35590502
http://doi.org/10.1016/j.msec.2021.112373
http://www.ncbi.nlm.nih.gov/pubmed/34579892
http://doi.org/10.1016/j.msec.2018.12.011


Int. J. Mol. Sci. 2023, 24, 891 23 of 25

138. Lee, S.J.; Kim, M.E.; Nah, H.; Seok, J.M.; Jeong, M.H.; Park, K.; Kwon, I.K.; Lee, J.S.; Park, S.A. Vascular endothelial growth factor
immobilized on mussel-inspired three-dimensional bilayered scaffold for artificial vascular graft application: In vitro and in vivo
evaluations. J. Colloid. Interf. Sci. 2019, 537, 333–344. [CrossRef]

139. Brunel, L.G.; Hull, S.M.; Heilshorn, S.C. Engineered assistive materials for 3D bioprinting: Support baths and sacrificial inks.
Biofabrication 2022, 14, 032001. [CrossRef]

140. Khalighi, S.; Saadatmand, M. Bioprinting a thick and cell-laden partially oxidized alginate-gelatin scaffold with embedded
micro-channels as future soft tissue platform. Int. J. Biol. Macromol. 2021, 193, 2153–2164. [CrossRef]

141. Dranseikiene, D.; Schrufer, S.; Schubert, D.W.; Reakasame, S.; Boccaccini, A.R. Cell-laden alginate dialdehyde-gelatin hydrogels
formed in 3D printed sacrificial gel. J. Mater. Sci.-Mater. M 2020, 31, 31. [CrossRef]

142. Bertassoni, L.E.; Cecconi, M.; Manoharan, V.; Nikkhah, M.; Hjortnaes, J.; Cristino, A.L.; Barabaschi, G.; Demarchi, D.; Dokmeci,
M.R.; Yang, Y.; et al. Hydrogel bioprinted microchannel networks for vascularization of tissue engineering constructs. Lab Chip
2014, 14, 2202–2211. [CrossRef]

143. Miller, J.S.; Stevens, K.R.; Yang, M.T.; Baker, B.M.; Nguyen, D.H.; Cohen, D.M.; Toro, E.; Chen, A.A.; Galie, P.A.; Yu, X.; et al.
Rapid casting of patterned vascular networks for perfusable engineered three-dimensional tissues. Nat. Mater. 2012, 11, 768–774.
[CrossRef] [PubMed]

144. Compaan, A.M.; Christensen, K.; Huang, Y. Inkjet bioprinting of 3d silk fibroin cellular constructs using sacrificial alginate. ACS
Biomater. Sci. Eng. 2017, 3, 1519–1526. [CrossRef] [PubMed]

145. Wang, M.; Yang, X.N.; Liang, L.J. Fabrication of a microfluidic system using micromolded alginate gel as a sacrificial material for
tissues engineering. J. Chem. 2020, 2020, 3148652. [CrossRef]

146. Li, S.; Wang, W.H.; Li, W.T.; Xie, M.F.; Deng, C.X.; Sun, X.; Wang, C.W.; Liu, Y.; Shi, G.H.; Xu, Y.J.; et al. Fabrication of
thermoresponsive hydrogel scaffolds with engineered microscale vasculatures. Adv. Funct. Mater. 2021, 31, 2102685. [CrossRef]

147. Ren, B.; Song, K.D.; Sanikommu, A.R.; Chai, Y.J.; Longmire, M.A.; Chai, W.X.; Murfee, W.L.; Huang, Y. Study of sacrificial
ink-assisted embedded printing for 3D perfusable channel creation for biomedical applications. Appl. Phys. Rev. 2022, 9, 011408.
[CrossRef]

148. Zou, Q.; Tian, X.; Luo, S.; Yuan, D.; Xu, S.; Yang, L.; Ma, M.; Ye, C. Agarose composite hydrogel and PVA sacrificial materials for
bioprinting large-scale, personalized face-like with nutrient networks. Carbohydr. Polym. 2021, 269, 118222. [CrossRef]

149. Liu, Y.; Zhang, Y.; Jiang, W.; Peng, Y.; Luo, J.; Xie, S.; Zhong, S.; Pu, H.; Liu, N.; Yue, T. A novel biodegradable multilayered
bioengineered vascular construct with a curved structure and multi-branches. Micromachines 2019, 10, 275. [CrossRef] [PubMed]

150. Li, S.; Wang, K.; Jiang, X.Z.; Hu, Q.X.; Zhang, C.; Wang, B. Rapid fabrication of ready-to-use gelatin scaffolds with prevascular
networks using alginate hollow fibers as sacrificial templates. ACS Biomater. Sci. Eng. 2020, 6, 2297–2311. [CrossRef] [PubMed]

151. Liu, S.; Wang, T.; Li, S.; Wang, X. Application status of sacrificial biomaterials in 3D bioprinting. Polymers 2022, 14, 2182. [CrossRef]
152. Skylar-Scott, M.A.; Uzel, S.G.M.; Nam, L.L.; Ahrens, J.H.; Truby, R.L.; Damaraju, S.; Lewis, J.A. Biomanufacturing of organ-specific

tissues with high cellular density and embedded vascular channels. Sci. Adv. 2019, 5, eaaw2459. [CrossRef]
153. Gorustovich, A.A.; Roether, J.A.; Boccaccini, A.R. Effect of bioactive glasses on angiogenesis: A review of in vitro and in vivo

evidences. Tissue Eng. B 2010, 16, 199–207. [CrossRef]
154. Keshaw, H.; Forbes, A.; Day, R.M. Release of angiogenic growth factors from cells encapsulated in alginate beads with bioactive

glass. Biomaterials 2005, 26, 4171–4179. [CrossRef] [PubMed]
155. Jia, W.; Lau, G.Y.; Huang, W.; Zhang, C.; Tomsia, A.P.; Fu, Q. Cellular response to 3-d printed bioactive silicate and borosilicate

glass scaffolds. J. Biomed. Mater. Res. Part B Appl. Biomater. 2019, 107, 818–824. [CrossRef]
156. Kargozar, S.; Baino, F.; Hamzehlou, S.; Hill, R.G.; Mozafari, M. Bioactive glasses: Sprouting angiogenesis in tissue engineering.

Trends Biotechnol. 2018, 36, 430–444. [CrossRef]
157. Day, R.M. Bioactive glass stimulates the secretion of angiogenic growth factors and angiogenesis in vitro. Tissue Eng. 2005, 11,

768–777. [CrossRef] [PubMed]
158. Zhang, G.; Zhao, P.; Lin, L.; Qin, L.; Huan, Z.; Leeflang, S.; Zadpoor, A.A.; Zhou, J.; Wu, L. Surface-treated 3D printed Ti-6Al-4V

scaffolds with enhanced bone regeneration performance: An in vivo study. Ann. Transl. Med. 2021, 9, 39. [CrossRef] [PubMed]
159. Xu, X.; Lu, Y.; Li, S.; Guo, S.; He, M.; Luo, K.; Lin, J. Copper-modified Ti6Al4V alloy fabricated by selective laser melting with

pro-angiogenic and anti-inflammatory properties for potential guided bone regeneration applications. Mater. Sci. Eng. C Mater.
Biol. Appl. 2018, 90, 198–210. [CrossRef]

160. Deng, Y.; Jiang, C.; Li, C.; Li, T.; Peng, M.; Wang, J.; Dai, K. 3D printed scaffolds of calcium silicate-doped beta-TCP synergize with
co-cultured endothelial and stromal cells to promote vascularization and bone formation. Sci. Rep. 2017, 7, 5588. [CrossRef]

161. Salandova, M.; van Hengel, I.A.J.; Apachitei, I.; Zadpoor, A.A.; van der Eerden, B.C.J.; Fratila-Apachitei, L.E. Inorganic agents for
enhanced angiogenesis of orthopedic biomaterials. Adv. Healthc. Mater. 2021, 10, 2002254. [CrossRef]

162. Rath, S.N.; Brandl, A.; Hiller, D.; Hoppe, A.; Gbureck, U.; Horch, R.E.; Boccaccini, A.R.; Kneser, U. Bioactive copper-doped glass
scaffolds can stimulate ECs in co-culture in combination with mesenchymal stem cells. PLoS ONE 2014, 9, e113319. [CrossRef]

163. Fielding, G.; Bose, S. SiO2 and ZnO dopants in three-dimensionally printed tricalcium phosphate bone tissue engineering
scaffolds enhance osteogenesis and angiogenesis in vivo. Acta Biomater. 2013, 9, 9137–9148. [CrossRef] [PubMed]

164. Nuutila, K.; Samandari, M.; Endo, Y.; Zhang, Y.; Quint, J.; Schmidt, T.A.; Tamayol, A.; Sinha, I. In vivo printing of growth
factor-eluting adhesive scaffolds improves wound healing. Bioact. Mater. 2022, 8, 296–308. [CrossRef] [PubMed]

http://doi.org/10.1016/j.jcis.2018.11.039
http://doi.org/10.1088/1758-5090/ac6bbe
http://doi.org/10.1016/j.ijbiomac.2021.11.046
http://doi.org/10.1007/s10856-020-06369-7
http://doi.org/10.1039/C4LC00030G
http://doi.org/10.1038/nmat3357
http://www.ncbi.nlm.nih.gov/pubmed/22751181
http://doi.org/10.1021/acsbiomaterials.6b00432
http://www.ncbi.nlm.nih.gov/pubmed/33429638
http://doi.org/10.1155/2020/3148652
http://doi.org/10.1002/adfm.202102685
http://doi.org/10.1063/5.0068329
http://doi.org/10.1016/j.carbpol.2021.118222
http://doi.org/10.3390/mi10040275
http://www.ncbi.nlm.nih.gov/pubmed/31022873
http://doi.org/10.1021/acsbiomaterials.9b01834
http://www.ncbi.nlm.nih.gov/pubmed/33455307
http://doi.org/10.3390/polym14112182
http://doi.org/10.1126/sciadv.aaw2459
http://doi.org/10.1089/ten.teb.2009.0416
http://doi.org/10.1016/j.biomaterials.2004.10.021
http://www.ncbi.nlm.nih.gov/pubmed/15664644
http://doi.org/10.1002/jbm.b.34178
http://doi.org/10.1016/j.tibtech.2017.12.003
http://doi.org/10.1089/ten.2005.11.768
http://www.ncbi.nlm.nih.gov/pubmed/15998217
http://doi.org/10.21037/atm-20-3829
http://www.ncbi.nlm.nih.gov/pubmed/33553332
http://doi.org/10.1016/j.msec.2018.04.046
http://doi.org/10.1038/s41598-017-05196-1
http://doi.org/10.1002/adhm.202002254
http://doi.org/10.1371/journal.pone.0113319
http://doi.org/10.1016/j.actbio.2013.07.009
http://www.ncbi.nlm.nih.gov/pubmed/23871941
http://doi.org/10.1016/j.bioactmat.2021.06.030
http://www.ncbi.nlm.nih.gov/pubmed/34541402


Int. J. Mol. Sci. 2023, 24, 891 24 of 25

165. Presta, M.; Dell’Era, P.; Mitola, S.; Moroni, E.; Ronca, R.; Rusnati, M. Fibroblast growth factor/fibroblast growth factor receptor
system in angiogenesis. Cytokine Growth Factor Rev. 2005, 16, 159–178. [CrossRef]

166. Hoeben, A.; Landuyt, B.; Highley, M.S.; Wildiers, H.; Van Oosterom, A.T.; De Bruijn, E.A. Vascular endothelial growth factor and
angiogenesis. Pharmacol. Rev. 2004, 56, 549–580. [CrossRef] [PubMed]

167. Poole, T.J.; Finkelstein, E.B.; Cox, C. The role of FGF and VEGF in angioblast induction and migration during vascular development.
Dev. Dynam. 2001, 220, 1–17. [CrossRef]

168. Wickremasinghe, N.C.; Kumar, V.A.; Shi, S.; Hartgerink, J.D. Controlled angiogenesis in peptide nanofiber composite hydrogel.
ACS Biomater. Sci. Eng. 2015, 1, 845–854. [CrossRef]

169. Zhao, N.; Suzuki, A.; Zhang, X.; Shi, P.; Abune, L.; Coyne, J.; Jia, H.; Xiong, N.; Zhang, G.; Wang, Y. Dual aptamer-functionalized
in situ injectable fibrin hydrogel for promotion of angiogenesis via codelivery of vascular endothelial growth factor and platelet-
derived growth factor-bb. ACS Appl. Mater. Interfaces 2019, 11, 18123–18132. [CrossRef]

170. Rosen, L.S. Clinical experience with angiogenesis signaling inhibitors: Focus on vascular endothelial growth factor (VEGF)
blockers. Cancer Control. J. Moffitt Cancer Cent. 2002, 9, 36–44. [CrossRef]

171. Heldin, C.H.; Lennartsson, J.; Westermark, B. Involvement of platelet-derived growth factor ligands and receptors in tumorigene-
sis. J. Intern. Med. 2018, 283, 16–44. [CrossRef]

172. Barralet, J.; Gbureck, U.; Habibovic, P.; Vorndran, E.; Gerard, C.; Doillon, C.J. Angiogenesis in calcium phosphate scaffolds by
inorganic copper ion release. Tissue Eng. A 2009, 15, 1601–1609. [CrossRef]

173. Belair, D.G.; Le, N.N.; Murphy, W.L. Design of growth factor sequestering biomaterials. Chem. Commun. 2014, 50, 15651–15668.
[CrossRef] [PubMed]

174. Nillesen, S.T.M.; Geutjes, P.J.; Wismans, R.; Schalkwijk, J.; Daamen, W.F.; van Kuppevelt, T.H. Increased angiogenesis and blood
vessel maturation in acellular collagen-heparin scaffolds containing both FGF2 and VEGF. Biomaterials 2007, 28, 1123–1131.
[CrossRef] [PubMed]

175. Oliviero, O.; Ventre, M.; Netti, P.A. Functional porous hydrogels to study angiogenesis under the effect of controlled release of
vascular endothelial growth factor. Acta Biomater. 2012, 8, 3294–3301. [CrossRef]

176. Wang, X.; Liu, C. 3D bioprinting of adipose-derived stem cells for organ manufacturing. In Cutting Edge Technology for Regenerative
Medicine; Khang, G., Ed.; Springer: Singapore, 2018; pp. 1–16.

177. Xu, W.; Wang, X.; Yan, Y.; Zheng, W.; Xiong, Z.; Lin, F.; Wu, R.; Zhang, R. Rapid prototyping three-dimensional
cell/gelatin/fibrinogen constructs for medical regeneration. J. Bioact. Compat. Polym. 2007, 22, 363–377. [CrossRef]

178. Zhang, T.; Yan, Y.; Wang, X.; Xiong, Z.; Lin, F.; Wu, R.; Zhang, R. Three-dimensional gelatin and gelatin/hyaluronan hydrogel
structures for traumatic brain injury. J. Bioact. Compat. Polym. 2007, 22, 19–29. [CrossRef]

179. Wang, X. Spatial effects of stem cell engagement in 3D printing constructs. J. Stem Cells Res. Rev. Rep. 2014, 1, 5–9.
180. Wang, X. Bioartificial organ manufacturing technologies. Cell Transplant. 2018, 27, 5–17. [CrossRef]
181. Rana, D.; Kandar, A.; Salehi-Nik, N.; Inci, I.; Koopman, B.; Rouwkema, J. Spatiotemporally controlled, aptamers-mediated growth

factor release locally manipulates microvasculature formation within engineered tissues. Bioact. Mater. 2022, 12, 71–84. [CrossRef]
182. Ham, H.O.; Haller, C.A.; Su, G.; Dai, E.; Patel, M.S.; Liu, D.R.; Liu, J.; Chaikof, E.L. A rechargeable anti-thrombotic coating for

blood-contacting devices. Biomaterials 2021, 276, 121011. [CrossRef]
183. Baldwin, A.D.; Robinson, K.G.; Militar, J.L.; Derby, C.D.; Kiick, K.L.; Akins, R.E. In situ crosslinkable heparin-containing

poly(ethylene glycol) hydrogels for sustained anticoagulant release. J. Biomed. Mater. Res. A 2012, 100A, 2106–2118. [CrossRef]
184. Kimicata, M.; Mahadik, B.; Fisher, J.P. Long-term sustained drug delivery via 3d printed masks for the development of a heparin-

loaded interlayer in vascular tissue engineering applications. ACS Appl. Mater. Interfaces 2021, 13, 50812–50822. [CrossRef]
[PubMed]

185. Rabenstein, D.L. Heparin and heparan sulfate: Structure and function. Nat. Prod. Rep. 2002, 19, 312–331. [CrossRef] [PubMed]
186. Liang, Y.; Kiick, K.L. Heparin-functionalized polymeric biomaterials in tissue engineering and drug delivery applications. Acta

Biomater. 2014, 10, 1588–1600. [CrossRef] [PubMed]
187. Salg, G.A.; Poisel, E.; Neulinger-Munoz, M.; Gerhardus, J.; Cebulla, D.; Bludszuweit-Philipp, C.; Vieira, V.; Nickel, F.; Herr, I.;

Blaeser, A.; et al. Toward 3D-bioprinting of an endocrine pancreas: A building-block concept for bioartificial insulin-secreting
tissue. J. Tissue Eng. 2022, 13, 20417314221091033. [CrossRef]

188. Marchioli, G.; Luca, A.D.; de Koning, E.; Engelse, M.; Van Blitterswijk, C.A.; Karperien, M.; Van Apeldoorn, A.A.; Moroni, L.
Hybrid polycaprolactone/alginate scaffolds functionalized with vegf to promote de novo vessel formation for the transplantation
of islets of langerhans. Adv. Healthc. Mater. 2016, 5, 1606–1616. [CrossRef]

189. Urbanczyk, M.; Zbinden, A.; Schenke-Layland, K. Organ-specific endothelial cell heterogenicity and its impact on regenerative
medicine and biomedical engineering applications. Adv. Drug Deliv. Rev. 2022, 186, 114323. [CrossRef]

190. Wang, X. Intelligent freeform manufacturing of complex organs. Artif. Org. 2012, 36, 951–961. [CrossRef]
191. Gehlen, J.; Qiu, W.; Schadli, G.N.; Muller, R.; Qin, X.H. Tomographic volumetric bioprinting of heterocellular bone-like tissues in

seconds. Acta Biomater. 2022, 4, 52. [CrossRef]
192. Hauser, P.V.; Chang, H.M.; Nishikawa, M.; Kimura, H.; Yanagawa, N.; Hamon, M. Bioprinting scaffolds for vascular tissues and

tissue vascularization. Bioengineering 2021, 8, 178. [CrossRef]
193. Wang, X.; He, K.; Zhang, W. Optimizing the fabrication processes for manufacturing a hybrid hierarchical polyurethane-

cell/hydrogel construct. J. Bioact. Compat. Polym. 2013, 28, 303–319. [CrossRef]

http://doi.org/10.1016/j.cytogfr.2005.01.004
http://doi.org/10.1124/pr.56.4.3
http://www.ncbi.nlm.nih.gov/pubmed/15602010
http://doi.org/10.1002/1097-0177(2000)9999:9999&lt;::AID-DVDY1087&gt;3.0.CO;2-2
http://doi.org/10.1021/acsbiomaterials.5b00210
http://doi.org/10.1021/acsami.9b02462
http://doi.org/10.1177/107327480200902S05
http://doi.org/10.1111/joim.12690
http://doi.org/10.1089/ten.tea.2007.0370
http://doi.org/10.1039/C4CC04317K
http://www.ncbi.nlm.nih.gov/pubmed/25182455
http://doi.org/10.1016/j.biomaterials.2006.10.029
http://www.ncbi.nlm.nih.gov/pubmed/17113636
http://doi.org/10.1016/j.actbio.2012.05.019
http://doi.org/10.1177/0883911507079451
http://doi.org/10.1177/0883911506074025
http://doi.org/10.1177/0963689718809918
http://doi.org/10.1016/j.bioactmat.2021.10.024
http://doi.org/10.1016/j.biomaterials.2021.121011
http://doi.org/10.1002/jbm.a.34050
http://doi.org/10.1021/acsami.1c16938
http://www.ncbi.nlm.nih.gov/pubmed/34670077
http://doi.org/10.1039/b100916h
http://www.ncbi.nlm.nih.gov/pubmed/12137280
http://doi.org/10.1016/j.actbio.2013.07.031
http://www.ncbi.nlm.nih.gov/pubmed/23911941
http://doi.org/10.1177/20417314221091033
http://doi.org/10.1002/adhm.201600058
http://doi.org/10.1016/j.addr.2022.114323
http://doi.org/10.1111/j.1525-1594.2012.01499.x
http://doi.org/10.1016/j.actbio.2022.06.020
http://doi.org/10.3390/bioengineering8110178
http://doi.org/10.1177/0883911513491359


Int. J. Mol. Sci. 2023, 24, 891 25 of 25

194. Yao, R.; Zhang, R.; Wang, X. Design and evaluation of a cell microencapsulating device for cell assembly technology. J. Bioact.
Compat. Polym. 2009, 24, 48–62. [CrossRef]

195. Wang, X.; Paloheimo, K.-S.; Xu, H.; Liu, C. Cryopreservation of cell/hydrogel constructs based on a new cell-assembling technique.
J. Bioact. Compat. Polym. 2010, 25, 634–653. [CrossRef]

196. Wang, X.; Rijff, B.L.; Khang, G. A building block approach into 3D printing a multi-channel organ regenerative scaffold. J. Tissue
Eng. Regen. Med. 2017, 11, 1403–1411. [CrossRef] [PubMed]

197. Wang, X.; Yan, Y.; Zhang, R. Rapid prototyping as tool for manufacturing bioartificial livers. Trends Biotechnol. 2007, 25, 505–513.
[CrossRef] [PubMed]

198. Zahmatkesh, E.; Khoshdel-Rad, N.; Mirzaei, H.; Shpichka, A.; Timashev, P.; Mahmoudi, T.; Vosough, M. Evolution of organoid
technology: Lessons learnt in co-culture systems from developmental biology. Dev. Biol. 2021, 475, 37–53. [CrossRef]

199. Shen, H.X.; Liu, J.Z.; Yan, X.Q.; Yang, H.N.; Hu, S.Q.; Yan, X.L.; Xu, T.; El Haj, A.J.; Yang, Y.; Lu, L.X. Hydrostatic pressure
stimulates the osteogenesis and angiogenesis of MSCs/HUVECs co-culture on porous PLGA scaffolds. Colloids Surfaces B
Biointerfaces 2022, 213, 112419. [CrossRef]

200. Shahabipour, F.; Tavafoghi, M.; Aninwene, G.E., 2nd; Bonakdar, S.; Oskuee, R.K.; Shokrgozar, M.A.; Potyondy, T.; Alambeigi,
F.; Ahadian, S. Coaxial 3D bioprinting of tri-polymer scaffolds to improve the osteogenic and vasculogenic potential of cells in
co-culture models. J. Biomed. Mater. Res. A 2022, 110, 1077–1089. [CrossRef]

201. Kocherova, I.; Bryja, A.; Mozdziak, P.; Angelova Volponi, A.; Dyszkiewicz-Konwinska, M.; Piotrowska-Kempisty, H.; Antosik, P.;
Bukowska, D.; Bruska, M.; Izycki, D.; et al. Human umbilical vein ECs (huvecs) co-culture with osteogenic cells: From molecular
communication to engineering prevascularised bone grafts. J. Clin. Med. 2019, 8, 1602. [CrossRef]

202. Wang, X. 3D printing of tissue/organ analogues for regenerative medicine. In Handbook of Intelligent Scaffolds for Regenerative
Medicine, 2nd ed.; Pan Stanford Publishing: Palo Alto, CA, USA, 2016; pp. 557–570.

203. Joshi, A.; Kaur, T.; Singh, N. 3D bioprinted alginate-silk-based smart cell-instructive scaffolds for dual differentiation of human
mesenchymal stem cells. ACS Appl. Bio Mater. 2022, 5, 2870–2879. [CrossRef]

204. Yang, Z.; Yi, P.; Liu, Z.; Zhang, W.; Mei, L.; Feng, C.; Tu, C.; Li, Z. Stem cell-laden hydrogel-based 3d bioprinting for bone and
cartilage tissue engineering. Frontiers in bioengineering and biotechnology. Front. Bioeng. Biotechnol. 2022, 10, 865770. [CrossRef]

205. Scarian, E.; Bordoni, M.; Fantini, V.; Jacchetti, E.; Raimondi, M.T.; Diamanti, L.; Carelli, S.; Cereda, C.; Pansarasa, O. Patients’ stem
cells differentiation in a 3D environment as a promising experimental tool for the study of amyotrophic lateral sclerosis. Int. J.
Mol. Sci. 2022, 23, 5344. [CrossRef] [PubMed]

206. Liu, C.; Dai, T.; Wu, X.Y.; Ma, J.Y.; Liu, J.; Wu, S.Y.; Yang, L.; Zhao, H.B. 3D bioprinting of cell-laden nano-attapulgite/gelatin
methacrylate composite hydrogel scaffolds for bone tissue repair. J. Mater. Sci. Technol. 2023, 135, 111–125. [CrossRef]

207. Zhou, G.; Tian, A.; Yi, X.; Fan, L.; Shao, W.; Wu, H.; Sun, N. Study on a 3D-Bioprinted tissue model of self-assembled nanopeptide
hydrogels combined with adipose-derived mesenchymal stem cells. Front. Bioeng. Biotechnol. 2021, 9, 663120. [CrossRef]
[PubMed]

208. Skylar-Scott, M.A.; Huang, J.Y.; Lu, A.; Ng, A.H.M.; Duenki, T.; Liu, S.; Nam, L.L.; Damaraju, S.; Church, G.M.; Lewis, J.A.
Orthogonally induced differentiation of stem cells for the programmatic patterning of vascularized organoids and bioprinted
tissues. Nat. Biomed. Eng. 2022, 6, 449–462. [CrossRef]

209. Chan, X.Y.; Elliott, M.B.; Macklin, B.; Gerecht, S. Human pluripotent stem cells to engineer blood vessels. Adv. Biochem.
Eng./Biotechnol. 2018, 163, 147–168. [CrossRef]

210. Wang, X.; Mäkitie, A.A.; Paloheimo, K.-S.; Tuomi, J.; Paloheimo, M.; Sui, S.; Zhang, Q. Characterization of a PLGA sandwiched
cell/fibrin tubular construct and induction of the adipose derived stem cells into smooth muscle cells. Mater. Sci. Eng. C 2011, 31,
801–808. [CrossRef]

211. Wang, X.; Sui, S.; Liu, C. Optimizing the step by step forming processes for fabricating a PLGA sandwiched cell/hydrogel
construct. J. Appl. Polym. Sci. 2011, 120, 1199–1207. [CrossRef]

212. Wang, X.; Sui, S. Pulsatile culture of a PLGA sandwiched cell/hydrogel construct fabricated using a step by step mold/extraction
method. Artif. Organs 2011, 35, 645–655. [CrossRef]

213. Xu, Y.; Wang, X. Fluid and cell behaviors along a 3D printed alginate/gelatin/fibrin channel. Bioeng. Biotech. 2015, 112, 1683–1695.
[CrossRef]

214. Marcu, R.; Choi, Y.J.; Xue, J.; Fortin, C.L.; Wang, Y.; Nagao, R.J.; Xu, J.; MacDonald, J.W.; Bammler, T.K.; Murry, C.E.; et al. Human
organ-specific endothelial cell heterogeneity. iScience 2018, 4, 20–35. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1177/0883911509103329
http://doi.org/10.1177/0883911510382571
http://doi.org/10.1002/term.2038
http://www.ncbi.nlm.nih.gov/pubmed/26123711
http://doi.org/10.1016/j.tibtech.2007.08.010
http://www.ncbi.nlm.nih.gov/pubmed/17949840
http://doi.org/10.1016/j.ydbio.2021.03.001
http://doi.org/10.1016/j.colsurfb.2022.112419
http://doi.org/10.1002/jbm.a.37354
http://doi.org/10.3390/jcm8101602
http://doi.org/10.1021/acsabm.2c00251
http://doi.org/10.3389/fbioe.2022.865770
http://doi.org/10.3390/ijms23105344
http://www.ncbi.nlm.nih.gov/pubmed/35628156
http://doi.org/10.1016/j.jmst.2022.07.011
http://doi.org/10.3389/fbioe.2021.663120
http://www.ncbi.nlm.nih.gov/pubmed/34414170
http://doi.org/10.1038/s41551-022-00856-8
http://doi.org/10.1007/10_2017_28
http://doi.org/10.1016/j.msec.2010.10.007
http://doi.org/10.1002/app.33093
http://doi.org/10.1111/j.1525-1594.2010.01137.x
http://doi.org/10.1002/bit.25579
http://doi.org/10.1016/j.isci.2018.05.003

	Introduction 
	3D Bioprinting Technology for Building Blood Vessels 
	Inkjet Bioprinting 
	Laser-Assisted Bioprinting 
	Extrusion Bioprinting 
	Coaxial Bioprinting 
	Freeform Reversible Embedding of Suspended Hydrogel (FRESH) Printing 
	Acoustics-Assisted Bioprinting 
	Stereolithography (SLA) Bioprinting 

	Bioinks That Promote Vascularization 
	Biomaterials 
	Vascularization-Directed Bioactive Substances 
	Growth Factor 
	Heparin 

	Cells 

	Challenges and Perspectives 
	Conclusions 
	References

