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Abstract 

Tissue engineering and regenerative medicine have made great progress in recent decades, as the fields of bioengi-
neering, materials science, and stem cell biology have converged, allowing tissue engineers to replicate the structure 
and function of various levels of the vascular tree. Nonetheless, the lack of a fully functional vascular system to effi-
ciently supply oxygen and nutrients has hindered the clinical application of bioengineered tissues for transplanta-
tion. To investigate vascular biology, drug transport, disease progression, and vascularization of engineered tissues 
for regenerative medicine, we have analyzed different approaches for designing microvascular networks to create 
models. This review discusses recent advances in the field of microvascular tissue engineering, explores potential 
future challenges, and offers methodological recommendations.
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1  Introduction
Tissue engineering is a broad field that uses methods 
and knowledge from the life sciences, engineering and 
clinical sciences to construct functional tissues and 
organs in vitro, providing new tools for basic and applied 
research [1]. At present, solely in vitro engineered tissues 
such as skin and cartilage are used in clinical practice [2]. 
The complexity and density of the blood vessels within 
the human circulatory system facilitate the efficient 
transportation of gases and nutrients to cells [3]. The sys-
tem comprises a hierarchy of vessel type, from the aorta 
of centimeter size of capillaries measuring just a few 
microns [4, 5]. However, due to the lack of microvascula-
ture in the tissues or organs constructed in vitro, oxygen, 
nutrients and waste products cannot be exchanged in the 

cell-dense structures, and therefore the thickness of these 
constructs is limited to the diffusion-limiting distance 
(less than 200 µm) [2, 6].

The microvascular system comprises a dense, highly 
specialized network of capillaries (10–15  μm) separated 
by distances of less than 100 μm, providing optimal con-
ditions for the diffusion of gases and the transport of 
nutrients, metabolites and circulating cells into tissues 
[7–9]. During embryonic development, the formation of 
the capillary network is achieved through two distinct 
processes: vasculogenesis, which involves the formation 
of new blood vessels, while angiogenesis describes the 
development of new vessels from pre-existing blood ves-
sels. In the process of vasculogenesis, the inner cells of 
the aggregate differentiate into hematopoietic precursor 
cells, while the outer cells differentiate into endothelial 
cells (ECs). These newly differentiated ECs then connect 
to form the primary capillary plexus. During angiogen-
esis, the new vessels sprout, bud, branch, bridge, and 
remodel, eventually forming a capillary network [5, 7, 
10].
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The microvascular system plays a crucial role in 
maintaining healthy tissues. Recent studies suggest 
that angiogenesis is a key factor in the development 
of many diseases, including cancer, diabetic retinopa-
thy, autoimmune diseases, cerebral ischemia, cardio-
vascular disease, and delayed wound healing. Thus, 
modeling and examining vascular structure and func-
tion is crucial for studying the physiology of vascular-
ized tissues and organs in the human body [11–13]. 
In recent years, there has been growing interest in the 
generation of networks that model the vasculature and 
vascularized tissues in  vitro, and these models pro-
vide new tools for basic and applied research [14–16]. 
In basic disciplines, microvascular models can be used 
to examine the effects of various biochemical signals 
and physical factors on angiogenesis and vasculogen-
esis [17–20]. An increasing number of potential drugs 
for the treatment of this disease are being discovered, 
including several new biochemical pathways, pharma-
cological targets, and pro- and anti-angiogenic mol-
ecules [11]. Furthermore, these microvascular models 
have extensive usage in drug screening, therapeutic and 
delivery testing. They are capable of emulating realistic 
vasoactive responses, enabling broader hypothesis test-
ing, and have the ability to adjust complex experimen-
tal conditions while easily controlling single variables 
[15, 21]. The ultimate goal is to determine whether our 
advanced in vitro systems can better correlate and pre-
dict human responses than experimental animals. In 
the field of tissue engineering, engineered vascular tis-
sues show promising clinical potential when combined 
with host organisms [8]. Some highly metabolic solid 
organs, such as the heart and liver, are still limited by 
inadequate nutrient and oxygen transport in thick tis-
sues. This question is significant because integrating 
the microvascular network into solid organs and apply-
ing it to repair and replace solid organs in the clinic 
could have a tremendous impact on human health [22].

Although capillary networks have been extensively 
utilized in various disciplines and notable advance-
ments have been achieved. Nevertheless, microvascular 
networks require a different set of design considera-
tions and fabrication techniques due to the intricate 
geometry and small size of capillaries, compared to 
those used in large vessel engineering [7, 23]. In recent 
years, scientists have attempted to create microvascular 
networks in  vitro using different biofabrication tech-
niques and have achieved some progress. This article 
concentrates on the latest developments in microvas-
cular research and the generation of microvascular-like 
structures by outlining the latest research that uses var-
ious materials, techniques and cellular sources. Finally, 

challenges and future perspectives in the field are sum-
marized (Fig. 1).

2 � Technology for microvascular network formation
In general, techniques for engineering vascular networks 
can be divided into two categories: one is the fabrication 
of vascular-like channels, and the other is the forma-
tion of vascular networks by self-assembly in EC-loaded 
hydrogels, based on angiogenesis and vasculogenesis [7]. 
The former refers to the top-down generation of vascular 
structures by microfabrication methods, with four main 
options: photolithography, laser degradation, microflu-
idic systems and three-dimensional (3D) bioprinting. 
The latter category involves bottom-up self-formation of 
vascular networks in 3D cell culture [24]. Tissue vascu-
larization based on the top-down approach has no nat-
ural biological analogue and is inspired by the surgical 
approach to tissue reconstruction. It refers to an artificial 
form of vascularization in which scaffolds are designed 
to contain permeable channels that can then support the 
growth of a microvasculature. The underlying motivation 
is to skip the process of tubulogenesis or lumen forma-
tion that is required in the vasculogenic and angiogenic 
approaches. By avoiding the need for cell migration and 
invasion, angiogenesis can be accelerated and prede-
fined locations and geometries of vascular networks can 
be achieved [25]. As it is an unnatural method of vascu-
larization, it relies heavily on patterned biomaterial engi-
neering [26]. The bottom-up approach employs gradients 
of growth factors and other chemicals in the hydrogel to 
stimulate EC migration. This process mimics angiogen-
esis in the body, where new blood vessels sprout from 
existing ones. However, cell migration and invasion are 
slow processes, and they do not control the location and 
geometry of the microvascular network, resulting in poor 
reproducibility [27, 28].

2.1 � Photolithography
Inspired by the principle of lithography, photolithogra-
phy is a method that uses optical or ultraviolet (UV) light 
to create specific patterns on a substrate and is widely 
used in the manufacture of chips and semiconductors 
[29, 30]. In particular, photolithography is widely used in 
the fabrication of microvascular networks.

In 1993, Cokelet et al. constructed straight, perfusable 
blood vessels on glass plates using a computer-assisted 
system [31]. However, at this time, the microvascular 
network only served as a perfusable channel for hemody-
namics assays and was not seeded with cells. Soft lithog-
raphy has been used to generate vascular-like structures 
in hydrogel materials that allow degradation and remod-
eling of the surrounding matrix, providing a biologically 
relevant environment [16]. These biomaterials support 
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cell attachment and infiltration. The adhesion proper-
ties of the cells have been used to successfully culture 
bovine carotid artery endothelial cells (BCAECs) and 
ECs on patterned substrates to form capillary-like tubes 
in vitro, which were successfully transplanted in vivo [32] 
(Fig. 2A). However, these idealized straight capillaries do 
not accurately reproduce microvascular geometries and 
cell morphology in vivo. To overcome these limitations, 
advanced photolithography techniques, including modi-
fied geographic information systems [33–35], backside 
lithography [36] and thermal reflowing of photoresists 
[37], have been used to fabricate capillary networks with 
variations in vessel diameter close to the real physiologi-
cal structure (Fig. 2B, C).

Polydimethylsiloxane (PDMS) is a classic tool for fab-
ricating microvascular networks using photolithography, 
where researchers pattern photoresists on silicon wafers 

and fabricate microchannels with specific structures in 
PDMS. This approach meets the requirements of creat-
ing complex blood capillary architectures, but PDMS has 
a non-selective uptake of oxygen and other hydropho-
bic molecules and does not provide extracellular cues 
in biological matrices [38, 39]. Therefore, scientists have 
not only attempted to create microvascular networks in 
PDMS but also to use it as a template to create vascular 
structures in biomaterials [14, 40]. For example, Chatur-
vedi et al. used PDMS as a channel model and then inoc-
ulated a mixture of ECs and collagen. After successful 
polymerization, the cell cords were removed from the 
PDMS template and used to guide the formation of pat-
terned capillaries attached to in vivo tissue [42]. Another 
team used PDMS as a template and introduced microflu-
idics to fabricate organ model chips for studies of angio-
genic sprouting and neo-vessel formation [43]. The role 

Fig. 1  Technology for the formation of engineered microvascular network models (Created at smart.servier.com)
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of microfluidics in microvascular formation will be dis-
cussed in detail in Sect. 2.4.

2.2 � Spatiotemporal material degradation by laser
Conventional photolithography is limited in that it can 
only generate a 2D planar pattern. Conversely, high-
energy pulsed lasers can supply adequate energy (in the 
megawatt range), to selectively disrupt hydrogel scaffolds 
for precise material removal in 3D space.

Laser spatial degradation material techniques employ-
ing light subtraction strategies have been used to form 
3D microchannels in diverse cytocompatible materials 
[45, 46]. For instance, they have been used to direct the 
growth of neural synapses in PEG-crosslinked fibrino-
gen hydrogels [47] and guide the migration of tumor 
cells in collagen [48]. This method integrates laser deg-
radation of the hydrogel with image-guided laser control 
using a virtual mask. It allows for dynamic modification 
of the vessel geometry at any stage and eliminates the 
need for generating new masters for the iterative design 

alterations needed for lithography. As a result, it enables 
programmable 4D control of microvascular networks 
[49]. Achieving 3D microvascular endothelialization at 
the capillary scale has proven to be a formidable chal-
lenge despite progress in the field. The direct implanta-
tion of cells into capillary-sized structures yields lumen 
occlusion and uneven cell distribution, necessitating 
alternative methods. Scientists have strived for uniform 
cell coverage through laser guidance [50] and by design-
ing curved fluidic channels that depend on topographical 
factors in the angiogenic microenvironment [49].

Depending on the hydrogel material, laser-induced 
degradation can occur in three ways [51]. Firstly, pho-
toablation results in extremely localized heating that 
causes water evaporation and high levels of stress. This 
leads to the breaking of covalent bonds in the polymer 
material and the creation of cavities [50, 52] (Fig. 3A, 
B). Secondly, wavelength-dependent photolysis of 
chemical bonds occurs in non-specific photosensi-
tive polymer chains [49] (Fig. 3C). Finally, laser-based 

Fig. 2  Fabrication of a microvascular network by photolithography. A Photolithographic approach to generate cellular micropatterns. a 
Crosslinked chitosan pattern after 180 s of UV exposure. Bar = 100 μm. b, c Engineered tubular structures of BCAEC and HUVEC scanned by confocal 
laser-scanning microscopy (CLSM). 3D images showed a lumen within the tubular structures. Bar = 20 μm. (Figure reprinted with permission 
from Ref. [32]). B, a–c SEM image of the backside lithography technique at different magnifications. We can observe the gradation in height 
according to the width of the channels. (Figure reprinted with permission from Ref. [36]). C Culture of primary human lung microvascular 
endothelial cells (HLMECs) in the hourglass-shaped channels. Scale bar, 50 µm. (Figure reprinted with permission from Ref. [37])
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cavitation molding relies on plasma formation that 
leads to bubble formation, expansion and cavitation 
[53] (Fig.  3D). The laser pulse duration, intensity, 
wavelength, and pore size are influenced by mate-
rial type and degradation mechanism. Enrico et  al. 
discovered that near the cavitation threshold, laser 
irradiation results in photoablation or cavitation mold-
ing, leading to the formation of various patterns. The 
cavitation channels take on an almost circular shape, 
whereas the photoablation structures adopt a teardrop 
shape, with a pattern height of at least twice the lat-
eral dimension of the channel [54] (Fig.  3E). There is 
concern over the effects of heat generated by photoa-
blation, as there is the potential for lasers which oper-
ate on this principle to negatively impact both the cell 
and surrounding material. Photopolymer techniques 
using cytocompatible wavelengths of light [49] and 
methods based on the cavitation molding mechanism 
have been used for the creation of 3D microvascular 
network [54]. This method facilitates the fabrication 
of high-resolution capillaries with sizes up to 10 μm in 
diameter. However, the present technique is complex 
and time consuming, and is essentially a low through-
put fabrication method where the fabrication time is 
related to the size of the tissue. It is valuable for the 
fabrication of relatively small tissues but inefficient 
and there remains a need to develop new techniques 
for obtaining microvascular networks.

2.3 � 3D bioprinting
To create larger-sized 3D microvascular networks, 
much attention has been paid to the use of 3D printing 
technology. This technology permits the direct fabri-
cation of intricate structures using an extensive range 
of printing materials [55]. 3D printing can be divided 
into two main categories. (1) Direct printing, where a 
material containing cells is deposited on a surface, and 
(2) indirect printing, where sacrificial materials with 
printed designs are within larger quantities of material 
containing cells [56].

2.3.1 � Direct printing of tissue contents and self‑assembly 
of microvasculature

Direct printing relies on the use of cell-loaded or cell-
compatible bioinks to print structures. To maintain the 
printed structure, rapid stabilization is required, which is 
achieved by exploiting the high viscosity of the bioinks or 
by crosslinking the hydrogel in the presence of exogenous 
factors such as temperature or light to provide adequate 
mechanical support for the cells [56, 57]. Low-viscosity 
bioinks require significant technical expertise to process 
effectively, otherwise they may collapse during extrusion 
[57]. Conversely, while high-viscosity bioinks are more 
stable, they can still cause shear stress on cells during 
printing, which can have a serious impact on the biologi-
cal activity of those cells [22, 58]. To address these issues, 
scientists have enhanced the stability of low-viscosity 
bioinks after cross-linking by utilizing in-situ cross-
linking, coaxial extrusion printing, and other techniques. 
Additionally, they have modified the network structure of 
polymers [58, 59] or utilized methods like laser printing 
[60] to improve the rheological properties of high-viscos-
ity bioinks for enhanced cellular bioactivity.

In situ crosslink approaches involve the use of photo-
conductive capillaries to introduce light, which imme-
diately crosslinks the hydrogel prior to deposition of 
the bioink. The bioink retains a low viscosity before 
crosslinking, during which time the extrusion and gel 
crosslinking processes occur concomitantly and expe-
ditiously. This lessens cell damage considerably com-
pared to extrusion occurring pre- or post-crosslink [61] 
(Fig.  4A). The low viscosity of the bioink also permits 
the use of thinner nozzles and faster dispensing rates, 
resulting in higher printing resolution and shorter man-
ufacturing times [62]. In coaxial extrusion bioprinting, 
bioinks incorporating distinct compositions, like alginate 
solution and calcium ions, are simultaneously extruded 
through inner and outer needles. The gel fibers are 
shaped at the tip of the dispensing system [56]. The low 
viscosity of these bioinks facilitates the creation of large, 
porous 3D structures at a high resolution, with a single 
fiber thickness measuring approximately 100  μm [56, 

(See figure on next page.)
Fig. 3  Fabrication of a microvascular network by laser degradation. A Schematic of ablation and perfusion process of a human alveolus. B 
Recreation of mouse brain microvasculature. (Figure reprinted with permission from Ref. [52]). C Schematic diagram of microvascular fabrication 
in a multifunctional hydrogel biomaterial. a–f 3D endothelialized channels generated within photodegradable fluorescent gels. Ten days 
following microvascular endothelialization with HUVECs, F-actin is shown in red, and nuclei are shown in blue. Endothelialization of g, h 
60 μm × 60 μm and i, j 45 μm × 45 μm (width × height) channels were obtained. (Figure reprinted with permission from Ref. [49]). D Left column: 
time-lapse images of PEGDA during laser-induced degradation of a 500 × 100 × 100 μm (x, y, z) channel. right column: As microbubbles form, they 
migrate to the reservoir and coalesce to form a large bubble. (Figure reprinted with permission from Ref. [53]). E Laser illumination using 145 nJ 
pulse energy results in structures in which both photoablation and cavitation-molded sections are present, indicating that this pulse energy 
is a threshold value at which the transition between the modes of photoablation and cavitation molding occurs. Scale bar, 10 µm. (Figure reprinted 
with permission from Ref. [54])
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Fig. 3  (See legend on previous page.)
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Fig. 4  Fabrication of a microvascular network by 3D printing. A, a Schematic of three different crosslinking strategies for bioprinting 
photo-crosslinkable inks (e.g., 5 wt% MeHA shown here), where crosslinking occurs before (pre-crosslink), after (post-crosslink), or during (in situ 
crosslink) extrusion. b Representative images of nozzles with extruded material and printed lattice structure. (Figure reprinted with permission 
from Ref. [61]). B, a Schematic diagram based on a coaxial bioprinting method. b confocal fluorescence image of a bioprinted HUVEC embedded 
construct under 30 s UV exposure. (Figure reprinted with permission from Ref. [56]). C A laser printing method generates capillaries. Green 
fluorescent endothelial cells. The printed cells formed a tubular structure with a lumen. The applied laser pulse energy was 6 µJ, and the patterns 
in panel a on the left were printed twice in the same place. Scale bars are 200 µm (a left and b left), 50 µm (a right and b center), and 10 µm (c 
right). (Figure reprinted with permission from Ref. [64])
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63] (Fig.  4B). Laser printing technology uses the energy 
of laser pulses in a jet perpendicular to the surface using 
a small amount of bioink, which is ultimately deposited 
to form tissue [64] (Fig. 4C). This process facilitates the 
development of small capillary networks through high-
resolution, high-viscosity, and high cell density bioinks 
[60, 65]. Dani et al. developed a helical mixing device that 
produced a homogeneous biological linking after a small 
number of mixing cycles, resulting in high cell survival 
[57].

2.3.2 � Printing sacrificial material to fabricate a tube 
structure

Due to the difficulties encountered during the early 
attempts to use direct printing, a method of sacrificial 
printing has been developed to fabricate microvascular 
networks. In this method, 3D printed sacrificial materi-
als with microvascular network structures are integrated 
into bulk hydrogels, resulting in the formation of tubu-
lar structures when the sacrificial materials are dissolved 
[66]. ECs can be integrated in the sacrificial material and 
attached to the channel wall once it has been removed, 
or can be added after the channel has been formed. The 
resolution and capillary dimension of channels formed 
with sacrificial materials is decreased. The criteria for 
selecting materials for use in sacrificial templates include 
rheological properties that meet the requirements of 3D 
printing technology, mechanical properties that are ade-
quate to maintain the shape and geometry of the printed 
material during scaffold handling and preparation, and 
ease of removing the material under non-harsh condi-
tions and without cytotoxic side effects. This results in 
the formation of hollow channels, which ultimately pro-
mote vascularization. The sacrificial materials in use are 
mainly some thermally responsive bio-sacrificial inks and 
water-soluble carbohydrate structures [63, 67–69].

A water-soluble carbohydrate material serves as a sac-
rificial ink to produce 3D microvascular networks, where 
endothelial cells implant into channel walls to create the 
eventual vascular bed. This carbohydrate ink confers the 
required mechanical stiffness to bear its weight, and has 
broad biocompatibility with the potential to dissolve in 
a wide range of both natural and synthetic biomaterials 
[70]. However, these devices typically need to be coated 
with other substances, such as poly(d-lactic-co-polyeth-
ylene glycol) (PDLGA), to slow down the degradation of 
the leaked ink and avoid damage to cells and the extra-
cellular matrix during the degradation process. Further-
more, this coating is essential for the creation of blood 
vessels with consistent cell density matrix structures 
[4]. The novel thermo-responsive material poly(2-cyclo-
propyl-2-oxazoline) (PcycloPrOx) displays distinctive 
hydroplasticity where the scaffold gradually becomes 

plastic once exposed to water. Without additional steps, 
the material can be rapidly dissolved and removed with-
out compromising the integrity or shape fidelity of the 
scaffold [71]. Pluronic F127 (PF-127) and gelatin meth-
acrylates possess complementary thermoreversible gel-
ling features, which allow them to serve as sacrificial 
templates and permanent substrates, respectively, for the 
creation of endothelialized tubes with a minimum feature 
size of 30 μm [72].

2.4 � Microfluidic systems
Since its emergence in the 1990s, microfluidic technology 
has been widely used in biology and medicine. Micro-
fluidic methods are characterized by fluid flow control 
through microchannels with dimensions of tens to hun-
dreds of micrometers [39]. Depending on the mode of 
angiogenesis, two categories of methods are used, the 
first of which is the use of endothelial cells that gradu-
ally elongate under fluid perfusion and grow against the 
wall to construct endothelialized microchannels. How-
ever, because of limited fabrication technique resolution 
and the difficulty of perfusing cells into fine channels, it 
is challenging to produce structurally complex capillary 
networks with diameters of less than 100 μm [53, 73]. The 
second process is ECs self-assembly in a suitable micro-
environment to form microvascular networks through 
angiogenesis or vasculogenesis. These blood vessels can 
be much smaller in size, ranging from approximately 20 
to 200  μm in diameter, and they provide a better over-
view of the capillary network morphology (including 
branching) as well as the flow and shear stress conditions 
compared to the solely templated approach [15, 20, 21, 
74].

Templating-based techniques can construct microflu-
idic microvascular models where the geometry and size 
of the final microvasculature are determined primar-
ily by the employed microchannel template. Using sac-
rificial printing, Miller et  al. have recently presented a 
method of constructing dynamically perfused vascular 
channels containing intraluminal EC liners in a hydro-
gel. The capillary-like 3D vascular networks that were 
created with microchannels were obtained after remov-
ing the lattice embedded in the cell-mixed EC with a 
cell culture medium [70] (Fig. 5A). This study has a key 
feature, which is the involvement of cells in the fabrica-
tion process, which could have potentially harmful effect. 
The vascular network within a PDMS microfluidic chip 
using a sodium alginate lattice as a sacrificial template 
is different from other previously reported template-
based methods. The main feature of the method is that 
the microvascular network can be prepared prior to the 
embedding of the constructs in the cell-mixing hydrogel, 
which completely separates the template removal and 
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cell seeding steps. This prevents any potential harm to 
the cells loaded in the bulk hydrogel during the fabrica-
tion of microchannels, thus maintaining their integrity 
[69, 75] (Fig. 5B). Despite the limitations of 3D printing 
and lithography resolution, laser degradation techniques 
enable the creation of microchannels with high resolu-
tion and capillary-sized dimension [22]. Human umbili-
cal vein endothelial cells (HUVECs) are introduced into 
these microchannels via microfluidics and attach to the 
lumens, forming a well-defined lumen that covers the 
wall of the photodegraded channel, which is endothelial-
ized up to a lumen diameter of 45 μm [49]. To enhance 
cell seeding efficiency, and avoid cell accumulation and 
clogging in small channels, selectively curved intercon-
nected channels are often used to facilitate microfluidic 
flow, highlighting the potential of channel microtopogra-
phy [49, 53] (Fig. 5C).

As an illustration of organ-specific vascular micro-
fluidics, which relies on self-assembly to form capillar-
ies, Ibrahim et  al. cultured ECs and adipocytes in the 
central channel of a microfluidic chip device. Following 
the creation of the microvascular network, mesothelial 
and tumor cells were cultured within the microchan-
nel, which allowed for successful crosstalk between the 
tumor cells and the perfusable microvasculature. This 
peritoneal tumor model can be used to study the role of 
mesothelial, endothelial and adipocyte function in tumor 
metastasis [76] (Fig. 5D). Due to variations in size, flow 
rate, and endothelial barrier type of microvascular net-
works in different tissues and organs, the development of 
tissue- and organ-specific perfusable vascular networks 
requires flexibility in design [9, 39, 78]. The complex 
in  vitro system must consider the cellular composition 
and biophysical microenvironment experienced by vari-
ous blood vessels. Scientists have attempted to address 

these issues by designing multi-chamber microfluidic 
systems. Modular microfluidic devices have been used 
for the separation of tissue chambers and medium chan-
nels. The medium flows vertically into numerous tissue 
chambers while the parameters of both channel layers 
can be adjusted. By modifying the interstitial flow pat-
tern, microvascular networks of varying lengths and 
widths can be effectively culture [79] (Fig. 5F). As Ches-
nais et al. noted, flow has a marked impact on capillary 
development, cell migration, stromal cell remodeling of 
the extracellular matrix, and bud formation. A microflu-
idic drive system for microfluidic chips has been devel-
oped that can be easily assembled and mounted in cell 
culture chambers. Computational fluid dynamics analy-
ses have indicated that the system is capable of achieving 
a stable and turbulence-free flow rate (10–1000 μl min−1), 
achieving the desired bionic flow rate and direction [80, 
81]. Chen et  al. designed a three-chamber microfluidic 
chip, which was seeded with ECs in a collagen matrix. 
They successfully constructed a microvascular network 
that contained complete small arteries, capillaries, and 
small vein [77] (Fig.  5E). Compared with some single-
chamber microfluidic chips, the 3D structure and physi-
ological functions of human microvasculature are more 
completely represented. The primary advantages of these 
hierarchical models are the simultaneous analysis and 
direct comparison of vascular chambers, the ability to 
adapt to complex experimental conditions, and the ability 
to connect multiple organ-on-a-chip models on the same 
platform, enabling flexibility and scalability of in  vitro 
microvascular networks (Table 1). These engineered vas-
cular engineering models excel at simulating the intri-
cate physiological microenvironment present in living 
systems. At the same time, these microvascular systems 
can often be utilized by combining them with a variety 

(See figure on next page.)
Fig. 5  Fabrication of a microvascular network by microfluidic systems. A Cross-sectional imaging thickness and Z-position = 10 μm 
for representative channels (optical channels) after 9 days of microfluidic perfusion culture of endothelial cells in a sacrificial lattice. (Figure 
reprinted with permission from Ref. [70]). B, a Schematic diagram of the printed vascular channel construct. b Fluorescence image of the printed 
vascular channel construct by wide-field microscope. HUVECs are visualized in red, beads flow in green. (Figure reprinted with permission from Ref. 
[69]). C Endothelialized channels are readily fabricated in the presence of encapsulated stromal cells. A single-layer channel was generated 
by photodegradation. Channels were then endothelialized with HUVECs, cultured for 4 days, fixed, and stained for F-actin (red). The sample 
is viewed (a–c) as Z-, X-, and Y-direction maximum intensity projections. (Figure reprinted with permission from Ref. [49]). D In vitro microvascular 
network model of the peritoneum. a PDMS mold with patterned channels were fabricated using soft lithography and bonded to a glass 
coverslip. The central gel region (green) contained cells and a fibrin hydrogel. The side channels and reservoirs (purple) as well as the top channel 
and reservoir (orange) were filled with cell culture medium. Scale bar, 3 mm. b A confocal microscopy image of the microvascular networks 
within the device, in which ECs express GFP, cell nuclei are stained with DAPI (blue), and lipid droplets in Acs are stained with LipidTox (white). 
Scale bar, 30 μm. (Figure reprinted with permission from Ref. [76]). E Create a tricompartmental model of the arteriole-to-capillary-to-venule 
microvasculature. Capillaries (middle) modeled by perfusable MVNs made from endothelial cells (EC, green) and fibroblasts (FB) in fibrin gel, venule 
(left) modeled by collagen channel with EC monolayer, arteriole (right) modeled by collagen channel with smooth muscle cells (SMC, magenta); 
the scale bar is 250 μm. (Figure reprinted with permission from Ref. [77]) F The modular microfluidic system combines two PDMS layers. The 
different morphological properties of the capillaries generated using diamond-, half-rectangle and rectangle-shaped chambers were analyzed. The 
rectangle-shaped tissue chambers generated the largest capillaries. (Figure reprinted with permission from Ref. [79])
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of quantifiable and scalable assays, such as macromo-
lecular permeability, image-based screening, Luminex, 
and qPCR [15]. Thus, these models offer convenience and 
reliability for studying tissues, including researching the 
molecular mechanisms of angiogenesis [14, 16, 43]. They 

are widely used in applications such as testing therapeu-
tic delivery [79, 82], modeling cancer metastasis [83] and 
analyzing immune cell behavior [15].

Fig. 5  (See legend on previous page.)
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3 � Materials for microvascular network formation
Angiogenesis and vasculogenesis rely on the migration 
and growth of cells. The main components of the extra-
cellular matrix (ECM) are collagen fibers, fibronectin, 
hyaluronic acid, vitronectin and fibronectin which pro-
vide a favorable environment for cells to proliferate and 
migrate. Hydrogels, because of their structural and bio-
chemical similarity to extracellular matrices, are the 
materials of choice for creating microvascular networks 
in  vitro [84]. Biocompatibility is a key consideration in 
the selection of hydrogels, and it is important to ensure 
that the chosen hydrogel does not have a detrimental 
effect on the biological system [22]. These materials fall 
into two categories: natural polymers and synthetic poly-
mers, and the biological properties of the various materi-
als are summarized in Table 2.

3.1 � Natural polymers
Natural polymers such as collagen, fibrin and Matrigel 
are the major components of the ECM within most tis-
sues. They provide cell adhesion sites, are remodeled by 
cells and degraded to release pro-angiogenic morpho-
gens, such as growth factors and ECM fragments, which 
promote angiogenesis and vasculogenesis [85].

Collagen is the primary structure that creates the sup-
portive framework of the vascular ECM [86]. The tro-
pocollagen molecule, an active terminal polypeptide that 
requires no further activation, is typically used to gen-
erate hydrogels [87]. Its biodegradability in  vivo occurs 
mainly through collagenase and histone enzymes, leading 
to high retention periods of collagen hydrogels in  vivo, 
usually for weeks [87]. The high mechanical strength of 
collagen hydrogels stems from the combination of col-
lagen fibers organized in a staggered and overlapping 
manner, leading to fiber synergism and, overall, the high 
tensile strength of higher order structures  [88]. Collagen 
has a crucial function in shaping ECs and arranging them 
into a 3D vascular-like network. Sufficient vasculariza-
tion has been reported to be in the collagen concentra-
tion range of 1.5–6 mg/ml, with a storage moduli in this 
range of 385–510 Pa [89]. The microstructure of collagen 
in the ECM determines the structure of the vascular net-
work, and regulating collagen deposition and the magni-
tude of traction forces exerted by cells can manipulate the 
formation and alignment of vascular-like structure [84].

Fibrin gels possess the ability to advance cell migration, 
proliferation, and matrix synthesis by binding transform-
ing growth factor β and platelet-derived growth factor 
[90]. Fibrin hydrogels are produced from inactivated 

Table 1  Techniques for microvascular network formation

Technology Size (μm) Advantages Limitations Ref.

Photolithography 5–130 Convenient, cost-effective Unchangeable [37, 41, 44]

Laser degradation 10 Programmable, user-defined Low-throughput, time-consuming [49, 50]

Direct printing 100 User-defined Cell damage [61, 62]

Sacrificial bioprinting 150–500 User-defined, High speed Low resolution [67, 70]

Microfluidic systems 5–200 To reproduce vascular related physiologi-
cal or pathological processes

Lack of control over vascular geometry, 
low repeatability

[53, 80]

Table 2  Properties of various biomaterials for microvascular network formation

Material Material type Properties Ref.

Collagen Natural High mechanical strength, can be polymerized with different materials [86, 88, 89]

Fibrin Natural Requires thrombin activation; Readily biodegradation properties; Poor mechanical strength; High bio-
compatibility

[87, 91]

Matrigel Natural The composition is unidentified, however, it offers an adequate environment for the proliferation of cells [89, 100, 102]

Gelatin Natural Promotes and maintains cell viability; Biodegradable [104]

Alginate Natural Controlled biodegradation, low viscosity, and crosslinking with Ca2+ to form gel fibers that are optimal 
materials for bioprinting

[56, 107]

GelMA Synthetic Provides a biocompatible and hydrophilic environment for cells. The mechanical strength can be 
adjusted as required

[56, 111]

PEG/ PEGDA Synthetic It is non-biodegradable, exhibits weak mechanical properties, lacks suitability for cell culture, and neces-
sitates the use of binding peptides or degrading enzymes

[53, 113]

PLA Synthetic Biocompatibility, degradability is appropriate, high hydrophobicity, needs to be combined with hydro-
philic materials

[115, 116]
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fibrinogen molecules and therefore require an addi-
tional activation step by thrombin [87]. Fibrin is typi-
cally incorporated within scaffolds due to its superior cell 
adhesion property, which is linked with a greater affinity 
of integrins towards it. Additionally, it can modify stiff-
ness parameters by modulating the blend of thrombin, 
fibrinogen and factor XIII [91, 92]. In  vivo, plasmin is 
constantly produced in a cyclic, inactive form that breaks 
down fibrin. Hence, fibrin gels are transient biomateri-
als that are typically biodegraded within a few days [87]. 
However, fibrin gels possess unsatisfactory mechanical 
properties and are vulnerable to cell-mediated shrink-
age and mechanical strain following in vivo implantation. 
Scientists have sought to enhance tissue strength and 
cellular activity by bonding fibrin to biomaterials such 
as collagen using standard crosslinking agents such as 
glutaraldehyde, the natural extract genipin and glycosa-
minoglycan resulting in multi-component collagen scaf-
folds with higher vascular volumes than tissue constructs 
using fibrin gels alone [93–96]. Researchers have incor-
porated additional cells (e.g. fibroblasts) into fibrin gels 
to increase the mechanical robustness and stability of the 
material, as cellular components can contribute to ECM 
deposition and improve structural integrity [97–99].

Matrigel, an ECM complex obtained from mouse 
tumor tissue comprising laminin-1, collagen IV and 
other matrix fragment proteins, has been demonstrated 
to enhance angiogenesis, protease activity, tumor growth 
and metastasis  [100]. It has a broad range of beneficial 
applications in tissue engineering. Due to its exceptional 
pro-angiogenic properties, Matrigel has been established 
as a standard substrate for EC tube formation assays 
and in  vivo angiogenesis assays. Additionally, it can be 
used as a complement to other materials while consist-
ently maintaining its pro-angiogenic effects [89, 101]. 
Schumann et  al. demonstrated that pre-culturing mes-
enchymal stem cells (MSCs) in Matrigel is a promising 
approach for achieving rapid growth of microvasculature 
in tissue-engineered constructs [101]. However, Matrigel 
contains numerous undefined protein components so its 
use in microvascular network formation is limited due to 
factors such as batch-to-batch compositional variability, 
variability between mechanical and biochemical prop-
erties, and immunogenicity induced by animal-derived 
matrices [89, 102, 103].

Gelatin is a protein derived from collagen through 
hydrolysis and simulates natural tissues, giving it certain 
properties that promote angiogenesis. Its thermos revers-
ible nature endows gelatin with physical gel properties at 
low temperatures (20–30 °C) which melt at physiological 
temperatures [104]. Gelatin displays good cell retention 
properties and appropriate matrix viscosity, and is thus 

a key component in producing extrusion printed bioinks 
and sacrificial printing [68, 69, 105].

Alginate, a hydrophilic polysaccharide, exhibits pro-
angiogenic properties when combined with other sta-
ble, gel-forming, and cell-responsive biopolymers, 
creating an ideal microenvironment for embedded cells 
[106]. The solubility of alginate is easily achieved in the 
absence of calcium ions, has no cell binding sites and 
offers controlled biodegradability [107, 108]. Alginate-
chitosan hybrid microcapsule scaffolds guide the align-
ment of HUVECs and provide support for the formation 
of vascular-like networks [109]. Calcium ions are often 
required to crosslink alginate in 3D printing for hydrogel 
microfiber formation. The concentration of CaCl2 solu-
tion should be strictly controlled to minimize cytotoxic-
ity caused by calcium ions [56, 110].

3.2 � Synthetic polymers
Synthetic polymers exhibit remarkable versatility because 
their mechanical properties can be easily controlled, 
making them a flexible and customizable means of con-
structing scaffolds. The processing of scaffolds based on 
synthetic polymers can be carried out under mild condi-
tions and at a reasonable cost. However, these scaffolds 
lack key biological cues that influence cell adhesion for 
growth.

Gelatin methacrylate (GelMA) is a modified, denatured 
collagen with photopolymerizable methacrylate (MA) 
groups at the amino-terminal end of gelatin to form 
hydrogels that can be covalently crosslinked under UV 
light [111]. GelMA has properties that are representative 
of both natural and synthetic biomaterials. Gelatin pos-
sesses integrin-binding motifs and matrix metallopro-
teinase-sensitive fragments, allowing for cell-responsive 
properties that include appropriate cell adhesion sites 
and hydrolytic protein degradation [111]. The shear 
yield stress and Young’s modulus of the hydrogel system 
can be altered by changing the concentration, degree of 
methacrylation and temperature [112]. Enhanced com-
pression modulus may be achieved with increased levels 
of methacrylation and concentration of hydrogel. GelMA 
hydrogels with low concentration (< 5% w/v GelMA) and 
low degree of acrylamide modification exhibited sponta-
neous organization of the encapsulated cells, including 
human mesenchymal stem cells (hMSCs) and ECs. This 
is in contrast to GelMA hydrogels with a high concentra-
tion (> 10% w/v GelMA) and/or high degree of acryla-
mide modification [56].

Polyethylene glycol (PEG) is a hydrophilic polymer 
that is commonly used in biocompatible tissue engineer-
ing scaffolds. However, PEG is non-biodegradable and 
has inferior mechanical properties. Despite this, PEG 
degradation can be induced by enzymes and hydrolysis 
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[112, 113]. More recently, modular and multi-functional 
hydrogels based on PEG have been developed for spe-
cific applications. The materials are covalently and physi-
cally crosslinked under light irradiation in the presence 
of photoinitiators in some synthetic materials based 
on PEG containing photocrosslinking groups, includ-
ing poly (ethylene glycol) diacrylate (PEGDA) [50, 53]. 
The choice and concentration of the photoinitiator can 
markedly affect the cytocompatibility and cell viability of 
the substance [114]. PEGDA and other similar synthetic 
polymers are photoactive but lack the bioactive signals 
inherent in natural ECM. Consequently, they are less 
proficient at supporting the growth of live cells in various 
tissues, including engineered vascular networks and their 
adjacent tissues. To overcome this limitation and endow 
additional ECM properties, researchers have endeavored 
to modify photopolymer materials by linking peptides 
and degradable enzymes that promote cell adherence and 
proliferation [49].

Polylactic acid (PLA) is a polymer with a reliable bio-
degradable nature and cytocompatibility and mechanical 
stability [115]. However, its linear structure and hydro-
phobic properties lead to poor mechanical stiffness and 
degradation products that limit tissue regeneration, mak-
ing it an unsuitable material for scaffolding [116]. There-
fore, PLA is often combined with other materials, such as 
PLGA, to be successfully fabricated as a scaffold material 
[117].

4 � Cell source for blood capillary formation
Natural capillaries consist of ECs surrounded by a 
basal layer and a single layer of pericytes. A thin layer 
of connective tissue that is contiguous with the con-
nective tissue of the surrounding tissue makes up the 
outermost layer of the capillary [118]. The vascular 
endothelial structure also shows heterogeneity at the 
ultrastructural level, due to the functional heteroge-
neity of organs [119]. For instance, in organs like the 
kidney and liver, the endothelium is discontinuous, per-
mitting fluid and molecular exchange [120]. In the cer-
ebral vasculature, the blood–brain barrier is made up of 
tightly packed ECs that are largely surrounded by peri-
cytes, restricting paracellular transportation of specific 

transport proteins [121]. The characteristics of the vari-
ous cell types are summarized in Table 3.

4.1 � Primary cells
The development of the vasculature is a complex pro-
cess, with functional specialization occurring early in 
vascular development, and vascular cells such as ECs 
and pericytes have heterogeneous transcriptional pro-
files in different tissues and within the same tissue. 
Therefore, engineering tissue-specific blood vessels 
necessitates the use of such specialized cellular com-
ponents [122]. Primary cells (such as HUVECs) are 
extensively used in bioengineering to construct vascu-
lar systems at a microscopic level owing to their easy 
accessibility and their close resemblance to real cells 
in vivo.

Although ECs, which make up the innermost layer of 
blood vessels, can naturally form initial networks, the 
absence of pericyte recruitment causes these struc-
tures to rapidly deteriorate [33, 123]. Pericytes have 
an important role to play in the regulation of vascu-
lar blood flow, regulation of the internal diameter of 
the vasculature, and vascular stabilization [124, 125]. 
Although the communication between pericytes and 
ECs remains to be elucidated, studies in this area have 
established that their interaction during angiogenesis is 
regulated in part by Ang-1/Tie2, TGF-β1 and PDGFB/
PDGFR-β signaling [124]. Whisler et  al. observed that 
co-cultivation of HUVECs with fibroblasts led to robust 
EC sprouting, resulting in neovascularization in just 
4–5  days. The developing vascular network retained a 
constant shape and perfusion capability [126]. In addi-
tion to providing growth support, stromal cells have 
been found to surround endothelial cells and exhibit 
pericyte-like behavior. Fibroblasts influence vascular 
network formation and vascular stabilization processes 
through direct paracrine signaling and secretion of 
molecules that regulate the ECM [127]. However, due 
to the time and cost involved in obtaining and isolat-
ing primary cells, as well as the variability of individual 
donors, scientists have begun to experiment with cul-
turing phenotypically stable cell lines.

Table 3  Advantages and disadvantages of cell types used for microvascular network formation

Cell type Advantages Disadvantages Ref.

Primary cells Easy to obtain, closest to the body’s cells Acquiring and isolating primary cells is a costly and time-consuming process, 
complicated by the heterogeneity and inter-donor variability

[122]

Cell lines Standardization, scale, low cost The genome of the cell has been modified, resulting in the absence of certain 
traits present in the primary cell

[119, 128]

iPSCs Provides tissue specific cell types Multiple differentiation is necessary to acquire target cells [42, 132]
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4.2 � Cell lines
In order to standardize and scale the construction of 
microvascular models, scientists have attempted to 
establish immortalized cell lines to complete the fabrica-
tion of vascular networks. Although the establishment of 
permanent cell lines ensures the stability of the cellular 
phenotype and reduces costs, the unlimited proliferation 
of cells often leads to changes in the cellular genome. In 
other words, the cells no longer resemble their parent 
cells [119, 126].

This has led researchers to seek improvements in cell 
line cloning techniques to achieve a genomic phenotype 
almost identical to that of the progenitor cells. Human 
pulmonary microvascular endothelial cells (HPMEC-
ST1.6R) that have been cloned with success have been 
shown to be non-tumorigenic in nude mice while requir-
ing serum for in vitro proliferation. This valuable resource 
of a cloned MEC cell line, HPMEC-ST1.6R, serves for the 
study of microvascular endothelium for physiological and 
pathological conditions [119]. However, some common 
vascular ECs lines, such as the HUVECs cell line, often 
require processing and pre-validation to identify donor 
sources with similar functions when used for in  vitro 
angiogenesis standardization screening and angiogenesis 
experiments [128].

4.3 � Stem cells
While many engineering platforms have managed to 
build microvascular networks using primary endothelial 
cells and engineered immortalized cell lines, the het-
erogeneity of primary human endothelial cells and the 
de-differentiated nature of immortalized cells cultured 
in vitro cause the absence of certain specific physiologi-
cal characteristics. This limitation markedly hinders the 
standardization and scaling of engineered blood ves-
sels. To meet the requirements of emerging tissue mod-
eling applications that depend on standardization and 
quantification, it is crucial to construct robust models of 
the vascular network [129]. Previous studies have used 
non-brain-specific endothelial cells, such as HUVECs 
or dermal microvascular endothelial cells, to develop 
blood–brain barrier models or cerebral microvascular 
models for drug screening purposes. However, these cells 
lack the crucial features of brain microvascular endothe-
lial cells (BMECs). High trans-endothelial electrical 
resistance limits paracellular permeability and exocyto-
sis activity, making these models unsuitable for studying 
the characteristic features of vascular networks [121, 130, 
131].

Human pluripotent stem cells (hPSCs), which con-
sist of human embryonic stem cells (hESCs) and human 
induced pluripotent stem cells (hiPSCs), have been 
extensively used to study somatic cell types due to the 

ability to obtain young vascular cells from the same 
source [132]. The process of stem cell differentiation and 
tissue morphogenesis largely depends on well-coordi-
nated spatiotemporal signaling mechanisms and tissue 
architecture [133]. Several research groups have endeav-
ored to create induced pluripotent stem cell-derived 
endothelial cells (iPSC-ECs) that express CD 31 and 
CD 144 antigens [132]. In a study by David et  al., iPS-
ECs were inserted into a fibrin gel within a microfluidic 
device and co-cultured with normal human fibroblasts. 
These fibroblasts were then arranged into a 3D network 
of interconnected capillaries. Ultimately, the successful 
assembly of a 3D network of interconnected capillaries 
was achieved [129]. iPSC-ECs alone are not sufficient to 
form robust vascular networks. Kusuma et al. attempted 
to induce co-differentiation of hPSCs into early vascular 
cells through a clinically relevant strategy applicable to 
multiple hPSC differentiation. These early vascular cells 
can mature into ECs and pericytes and self-organize in 
engineered matrices to form microvascular networks and 
bind to the host vascular system [132]. The rapid forma-
tion of a robust vascular network has been observed in 
immunodeficient mice upon co-implantation of ECs 
with pericyte progenitors, in contrast to single-source 
iPSC-ECs. hPSC pericytes were essential for the neo-
genesis of these vessels which exhibited the presence 
of pericytes surrounding the engineered blood vessels 
[134]. Distinguishing perivascular cell types is challeng-
ing for hPSCs cell differentiation because of overlapping 
marker expression and comparable functions [135, 136]. 
The genes related to endothelial cells such as PECAM1, 
VE-cad, and GATA-2 are strongly expressed after the 
formation and differentiation of ECs. A recent investiga-
tion conducted by Cho’s team discovered that iPSC-ECs 
efficiently reconstructed ischemic retina in comparison 
to human primary endothelial cells. This implies that 
iPSC-ECs exhibit a stronger CXCL12/CXCR4 chemotac-
tic relationship [137]. Relying on potentially autologous, 
highly productive and unlimited cell sources of pluripo-
tent stem cells in engineered microscale vascular systems 
may be the most effective way to create in vitro models 
and vascular tissues.

5 � Characteristic control of microvascular networks
5.1 � Biological factors
The extracellular matrix stores and releases growth fac-
tors in response to physiological and pathological stimuli. 
These factors bind to cellular receptors, activating down-
stream signaling pathways that angiogenesis and vasculo-
genesis [138, 139]. Several methods have been developed 
to replicate this process by incorporating growth fac-
tors into biomaterials to manage vascular growth 
and development in  vitro. The signaling proteins that 
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predominantly affect angiogenesis are vascular endothe-
lial growth factor (VEGF), acidic fibroblast growth fac-
tor (aFGF), and basic fibroblast growth factor (bFGF) 
[140].  Son et al. mapped the topography of the growth 
factor gradient using growth factor-secreting cells. The 
endothelial cells along the direction of the growth factor 
gradient to generate capillaries [141].

Although the formation of capillary-like structures is 
typically induced by the addition of growth factors, such 
factors are typically costly, released quickly, and have a 
short half-life [142]. To address this question, research-
ers have employed slow-release approaches and gene 
editing techniques. Growth factors may be covalently 
attached to the matrix or loaded into microparticles 
to enable sustained delivery [143]. Munarin et  al. con-
ducted sulfate and heparin fraction covalent coupling 
with alginate, mimicking specific heparin-binding growth 
factor (including VEGF and bFGF) binding to extracel-
lular matrix components such as laminin, fibronectin, 
and fibrinogen. As a local depot for delivering vascular 
endothelial growth factor (VEGF), VEGF can be released 
continuously for over 14 days [144].

Simultaneously, it has been observed that cells oper-
ating in angiogenesis, such as endothelial and pericytes, 
secrete cytokines that encourage angiogenesis [145]. A 
group of N2-polarized neutrophils have been identified 
with anti-inflammatory properties, which effectively 
prevent the recruitment of inflammatory cells. They 
also maintain the survival of exogenous endothelial cells 
and promote angiogenesis through vascular anastomo-
sis and maturation [146]. Xu et  al. used gene engineer-
ing to express collagen-binding domain fusion factors 
and created matrix materials enriched with VEGFA and 
bFGF to encourage angiogenesis [147]. In addition, the 
delivery of genes coding for angiogenic growth factors to 
cells in microenvironments through cell-carrying scaf-
folds of transfected cells induced a controlled release of 
angiogenic proteins and promoted angiogenesis. This 
controlled release of proteins promotes angiogenesis 
while simultaneously providing structural support for 
neo-matrix deposition. This approach provides a novel, 
selective, and alternative way to influence vascularization 
during tissue regeneration [142, 148].

5.2 � Physical factors
In general, even small changes in the 3D microenviron-
ment, such as scaffold stiffness, can affect the behav-
ioral expression of cells [149]. A study investigated the 
impact of hydrogel mechanical properties on capillary 
self-assembly and found that softer matrices, which were 
more conducive to EC migration, led to longer lengths 
and more branches within the capillary networks. In 
contrast, the proliferation and migration of ECs were 

limited in stiffer matrices, which resulted in reduced 
tube-forming capacity [150]. It is important to note that 
various microvascular fabrication techniques necessitate 
distinctive material matrices. For instance, when utilizing 
microfabrication techniques such as photolithography 
that necessitate retention of morphological character-
istics even after demolding, harder materials like PDMS 
are commonly employed [40]. 3D printing techniques 
require the material to maintain high fluidity at the start 
and then quickly become stiffer for sufficient mechani-
cal support of the cells [23]. The stiffness of the matrix 
can be modulated through variation in the polymer or 
crosslinking agent, or by increasing the enzyme cleavage 
sites [151]. However, these changes also affect other fac-
tors such as matrix density and pore size, which limits its 
role in angiogenesis and vasculogenesis.

The stiffness of the matrix plays a crucial role in regu-
lating microvascular growth direction. Due to the bound-
ary constraints of the hydrogel, it cannot be separated 
from the scaffold surface, and the stiffness gradient near 
the scaffold surface is steeper [152]. Under these condi-
tions, when cells contract and impose constraints on the 
hydrogel, the boundary restricts gel deformation, lead-
ing to increased cellular tension. Culturing hydrogels 
containing endothelial cells within rectangular matrix 
boundaries aligns the cells along the long axis, produc-
ing a stronger effective stiffness, ultimately resulting in 
oriented microvascular [153, 154]. The stiffness of the 
matrix also affects the ability of microvascular generat-
ing buds to signal orientation awareness, with capillar-
ies displaying a greater tendency to align with the VEGF 
gradient in a stiffer ECM [145, 146]. Despite soft matri-
ces supporting angiogenesis, the directional inclination 
of angiogenesis is stronger in hard matrices. Chiou et al. 
conducted a comparison between the length of capillar-
ies grown on hydroxyapatite scaffolds with pore sizes of 
450 μm and 250 μm. Results indicated longer vessels and 
increased branching within the 250  μm pore at 14  days 
[152].

Physiological shear stress is typically associated with 
sustained unidirectional laminar blood flow through 
capillaries. Under static conditions, cells exhibit a cob-
blestone-like shape. However, shear stress can induce 
directional alignment and elongation of endothelial cells 
by activating intracellular signaling pathways and tran-
scription factors, while also regulating gene expression, 
enhancing cell–cell junctions and cell–matrix adhesion, 
and decreasing permeability [155–158]. Helms et  al. 
investigated the influence of shear stress on vascular 
growth directionality. Shear stress induced physiological 
alignment of capillaries parallel to the longitudinal ves-
sel axis, resulting in 57.2 ± 5.2% of cells aligned within 5° 
of the main blood vessel axis. In contrast, cells incubated 
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without stimulation exhibited a randomly oriented tube 
formation [3]. Liu et al. used shear stress generated by the 
dispensing process to align collagen microfibrils, which 
combined with integrin-induced adhesion to guide cell 
alignment. Consequently, directional growth of capil-
laries was achieved [159]. Furthermore, various types 
of ECs  exposed to the same orientation demonstrated 
analogous responses under high shear stress. However, 
microvascular cells demonstrated a more sensitive reac-
tion to lower stimuli alterations in orientation, com-
pared to ECs from vessels with larger diameters [157]. 
Shear stress triggers a cascade of autocrine and paracrine 
signaling events between ECs and other cells, promotes 
fibroblast proliferation, and stimulates the release of 
bFGF [145, 155]. Cells entered the scaffolds more under 
flow conditions than under static conditions, success-
fully overcoming the problem of cell adhesion due to the 
complex scaffold structure, narrow pore sizes, and mate-
rials that resulted in uneven cell seeding and insufficient 
initial cell seeding [157]. This cell seeding method, using 
microfluidics as the main method, helps to improve seed-
ing efficiency and offers the possibility of uniform cell 
distribution throughout the matrix [50]. Recently devel-
oped perfusion bioreactors can apply flow-induced shear 
stress to vascularized  3D tissues. Direct flow conditions 
have been shown to induce microvascular formation and 
increase vessel length, density, and maturation [80, 160].

5.3 � Other factors
Chemical factors, such as oxygen levels, have been shown 
to influence angiogenesis in  vivo. While it is widely 
accepted that activation of hypoxia-inducible factor-1a 
(HIF-1a) under low oxygen conditions induces erythro-
poiesis and angiogenesis, normal oxygen levels promote 
the growth and proliferation of ECs. Therefore, the use 
of O2-producing hydrogels is expected to maintain the 
survival and function of peripheral or infiltrating cells 
prior to local vascular reconstruction, which is essential 
for the tissue regeneration process [161, 162]. Gao et al. 
introduced oxygen-producing calcium peroxide (CaO2) 
into Ca2+ crosslinked alginate hydrogels. The addition of 
CaO2 provides dynamic crosslinking and increases local 
oxygen concentration. As CaO2 decomposes, local oxy-
gen reduces intracellular reactive oxygen species (ROS) 
and HIF-1a levels, improves cell viability, promotes cell 
migration and angiogenesis, and provides a better micro-
environment for cell growth and potential tissue regener-
ation [163]. Tran et al. found no significant difference in 
cerebral microvascular germination between normoxia 
and 1% oxygen. However, an external oxygen gradient 
significantly increased neovascularization sprouting, 
leading to angiogenesis [164].

In recent years, several studies have shown that electric 
fields (EF) can promote angiogenesis by stimulating the 
production of angiogenic factors [165]. However, most 
studies exploring the potential of electrical stimulation 
to promote angiogenesis are preliminary. Early animal 
studies showed that electrical stimulation induced an 
increase in the density of muscle capillaries [166]. Studies 
conducted in 2D cell culture have shown that stimulation 
with an EF activates downstream Rho-ROCK and PI3K-
Akt signaling through vascular endothelial growth factor 
receptor (VEGFR), leading to cytoskeletal reorganization. 
This results in significant cell elongation, directed and 
oriented migration, and induces an angiogenic response 
[167]. EF induces directed migration and significantly 
increases cell migration rates in human microvascular 
endothelial cells (HMEC) and HUVEC [168]. Chen et al. 
used in vitro 3D culture to examine the effects of EF over 
time on the ability of endothelial cells to form tubular 
networks. The study found that EF stimulation impacts 
the organization of tubular structures, which is linked to 
the activation of VEGFR-2-mediated signaling pathways 
by VEGF that regulate endothelial cell migration and 
proliferation. These findings are consistent with those in 
a 2D cell model [169]. Lu et al. also explored the use of 
electrical stimulation in microvascular tissues. The study 
found that both physiological-intensity electrical stimu-
lation and high-intensity electrical stimulation signifi-
cantly increased the expression of relevant genes, such 
as CD31, CD144, and CD34 in HUVECs. Immunofluo-
rescence staining showed the morphological changes and 
the emergence of capillary-like structures in HUVECs, 
achieving ECs vascularization of engineered cardiac tis-
sues [170]. While electrical stimulation has been uti-
lized in microvascular tissue engineering, it is necessary 
to further investigate the optimal force intensity of such 
electromechanical stimulation and its target signaling 
pathways.

6 � Conclusions
This article examines recent developments in micro-
vascular network engineering preparation techniques. 
Table 1 outlines the pros and cons of each technique for 
microvascular fabrication. To pre-vascularize engineered 
tissues and organs, different advanced techniques and 
biocompatible materials (including photo-responsive 
hydrogels, natural biomatrices and synthetic polymers) 
are combined to fabricate the microvasculature. Micro-
fluidics is based mainly on self-assembly principles or 
microfabrication techniques to construct high-resolu-
tion vascular networks, which are particularly limited 
by minimum vascular size and geometry for microvas-
cular fabrication. The use of photochemical reactions 
or laser energy techniques, such as photolithography, 
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laser degradation, and 3D printing, have demonstrated 
advancements in terms of geometric complexity. Laser 
degradation is one of the methods used to fabricate vas-
cular structures in target tissues with high resolution, 
guided by microscopic images. The ability of this method 
to create objects that adapt to external factors, such as 
temperature or humidity, and develop over time enables 
programmable 4D control of microvascular networks. 
Despite recent advances, aspects of the fabrication of 
capillary constructs in  vitro remain challenging, includ-
ing the endothelialization of capillary networks, the repli-
cation of complex microvascular spatial morphology, and 
the stabilization of capillary systems. To address these 
issues, efforts are needed to combine functional materials 
with sophisticated fabrication tools to directly control the 
morphology and mechanics of capillary structures.

Table 3 summarizes the advantages and disadvantages 
of the three cell types used for microvascular tissue engi-
neering. Among the various endothelial cell subtypes, 
HUVECs have been predominantly used in most studies. 
However, HUVECs are derived from large veins so may 
not fully recapitulate the natural microvasculature such 
as small arteries and capillaries. Therefore, further stud-
ies are needed to culture and characterize suitable cell 
types (e.g. iPSCs).

The factors influencing angiogenesis are complex, with 
cells sensing physical and biological signals in the ECM 
and translating them into different cellular behaviors 
such as elongation, alignment, chemokine secretion, col-
lagen production and remodeling. Innovative materi-
als showing dynamic adjustability by integrating various 
influential aspects may hold promise in this area. How-
ever, numerous studies have concentrated on the impact 
of biological and mechanical elements on angiogenesis 
within the vasculature, while chemical factors that could 
affect cellular behavior, such as whether particular chem-
ical bonds in the ECM influence the angiogenic behavior 
of cells, have not yet been explored. This presents an area 
for future investigation.

Vascular engineering has made significant progress. 
Engineered microvascular models mimic the complex 
physiological microenvironments present in living sys-
tems, facilitating the study of molecular mechanisms of 
physiological and pathological activities in tissues and 
organs. However, despite these revolutionary advances, 
there are still many challenges for future research. The 
capillary networks engineered do not precisely replicate 
the microvascular networks of native tissues. It remains 
a challenge to achieve hierarchical networks of microvas-
cular networks, heterogeneity, and functionality. Engi-
neered microvascular systems have limited clinical and 
industrial applications due to endothelial homeostasis, 
vascular perfusion, permeability, and constriction, which 

prevent their long-term maintenance in vitro. Addition-
ally, due to the high cost of materials, machinery and 
equipment, it is difficult to produce them in large quanti-
ties on an industrial scale.

In the future, with developments and innovation in 
basic vascular biology, stem cell biology, biomedicine, 
materials science and other fields, we hope to compre-
hensively use functional materials, suitable cell types 
and complex microenvironmental features to construct 
high-throughput, high-resolution capillary networks 
with real complex spatial structures. The resulting cap-
illary networks have a dual function. Firstly, they enable 
the simulation of physiological capillaries in  vivo for 
in vitro studies. Secondly, they serve as pre-vascularized 
tissue-engineered constructs that can be implanted and 
perfused in  vivo, providing tissues and organs with the 
necessary oxygen and nutrients.

Abbreviations
3D	� Three-dimensional
ECs	� Bioprinting, endothelial cells
ECM	� Extracellular matrix
UV	� Ultraviolet
PDMS	� Polydimethylsiloxane
MSCs	� Mesenchymal stem cells
BCAECs	� Bovine carotid artery endothelial cells
HUVECs	� Human umbilical vein endothelial cells
PF-127	� Pluronic F127
GelMA	� Gelatin methacrylate
MA	� Methacrylate
hMSCs	� Human mesenchymal stem cells
PEGDA	� Poly (ethylene glycol) diacrylate
PEG	� Polyethylene glycol
PLA	� Polylactic acid
BMECs	� Brain microvascular endothelial cells
HPMEC	� Human pulmonary microvascular endothelial cells
hPSCs	� Human pluripotent stem cells
hESCs	� Human embryonic stem cells
hiPSCs	� Human induced pluripotent stem cells
PDLGA	� Poly(d-lactide-co-glycolide)
BM-hMSCs	� Bone marrow-derived human mesenchymal stem cells
PcycloPrOx	� Poly(2-cyclopropyl-2-oxazoline)
aFGF	� Acidic fibroblast growth factor
bFGF	� Basic fibroblast growth factor
2D	� Two-dimensional
VEGF	� Vascular Endothelial Growth Factor
HIF-1a	� Hypoxia-inducible factor-1a
HMEC	� Human microvascular endothelial cells
CaO2	� Calcium peroxide
EF	� Electric fields
VEGFR-2	� Vascular Endothelial Growth Factor Receptor 2
ROS	� Reactive oxygen species

Acknowledgements
There is no acknowledgement in this paper.

Author contributions
The individual contributions of authors to the manuscript should be specified 
in this section.

Funding
This research was financially supported by Mirai-Program (18077228) and 
COI-NEXT (JPMJPF2009) from JST, JPNP20004 from NEDO, Grant-in-Aid for 
Scientific Research (A) from JSPS (20H00665), and Nichirei Foods Inc.



Page 18 of 20Li et al. Nano Convergence           (2024) 11:10 

Availability of data and materials
The authors can not provide any data and materials.

Competing interests
The authors declare that they have no competing interests.

Received: 7 December 2023   Accepted: 15 February 2024

References
	 1.	 G. Yang, B. Mahadik, J.Y. Choi, J.P. Fisher, Prog. Biomed. Eng. (Bristol) 2, 

012002 (2020)
	 2.	 E.C. Novosel, C. Kleinhans, P.J. Kluger, Adv. Drug Deliv. Rev. 63, 300 

(2011)
	 3.	 F. Helms, S. Zippusch, T. Aper, S. Kalies, A. Heisterkamp, A. Haverich, U. 

Böer, M. Wilhelmi, Tissue Eng. Part A 28, 818 (2022)
	 4.	 Z. Kong, X. Wang, Int. J. Mol. Sci. 24, 891 (2023)
	 5.	 M.A. Traore, S.C. George, Tissue Eng. Part B Rev. 23, 505 (2017)
	 6.	 J. Vajda, M. Milojevic, U. Maver, B. Vihar, Biomedicines 9, 589 (2021)
	 7.	 S. Fleischer, D.N. Tavakol, G. Vunjak-Novakovic, Adv. Funct. Mater. 30, 

1910811 (2020)
	 8.	 H.G. Song, R.T. Rumma, C.K. Ozaki, E.R. Edelman, C.S. Chen, Cell Stem 

Cell 22, 340 (2018)
	 9.	 J.J. Tronolone, A. Jain, Adv. Funct. Mater. 31, 2007199 (2021)
	 10.	 T.W. Secomb, A.R. Pries, Microcirculation 23, 93 (2016)
	 11.	 H. Huang, Int. J. Mol. Sci. 21, 7413 (2020)
	 12.	 N. Kavian, F. Batteux, Vasc. Pharmacol. 71, 16 (2015)
	 13.	 D. La Mendola, M.L. Trincavelli, C. Martini, Int. J. Mol. Sci. 23, 10962 

(2022)
	 14.	 Z. Huang, X. Li, M. Martins-Green, Y. Liu, Biomed. Microdevices 14, 873 

(2012)
	 15.	 M.T. Rogers, A.L. Gard, R. Gaibler, T.J. Mulhern, R. Strelnikov, H. 

Azizgolshani, B.P. Cain, B.C. Isenberg, N.J. Haroutunian, N.E. Raustad, P.M. 
Keegan, M.P. Lech, L. Tomlinson, J.T. Borenstein, J.L. Charest, C. Williams, 
Sci. Rep. 11, 12225 (2021)

	 16.	 Y. Zheng, J. Chen, M. Craven, N.W. Choi, S. Totorica, A. Diaz-Santana, P. 
Kermani, B. Hempstead, C. Fischbach-Teschl, J.A. Lopez, A.D. Stroock, 
Proc. Natl. Acad. Sci. USA 109, 9342 (2012)

	 17.	 S. Bersini, M. Moretti, J. Mater. Sci. Mater. Med. 26, 180 (2015)
	 18.	 H.Y. Wan, J.C.H. Chen, Q. Xiao, C.W. Wong, B. Yang, B. Cao, R.S. Tuan, S.K. 

Nilsson, Y.P. Ho, M. Raghunath, R.D. Kamm, A. Blocki, Biomater. Res. 27, 
32 (2023)

	 19.	 L. Wan, J. Flegle, B. Ozdoganlar, P.R. LeDuc, Micromachines (Basel) 11, 
907 (2020)

	 20.	 Z. Wan, A.X. Zhong, S. Zhang, G. Pavlou, M.F. Coughlin, S.E. Shelton, H.T. 
Nguyen, J.H. Lorch, D.A. Barbie, R.D. Kamm, Small Methods 6, e2200143 
(2022)

	 21.	 Y. Zhou, Y. Wu, R. Paul, X. Qin, Y. Liu, ACS Appl. Mater. Interfaces 15, 6431 
(2023)

	 22.	 M.L. Terpstra, J. Li, A. Mensinga, M. de Ruijter, M.H.P. van Rijen, C. 
Androulidakis, C. Galiotis, I. Papantoniou, M. Matsusaki, J. Malda, R. 
Levato, Biofabrication 14, 034104 (2022)

	 23.	 P. Wu, H. Asada, M. Hakamada, M. Mabuchi, Adv. Mater. 35, e2209149 
(2023)

	 24.	 D. Sharma, D. Ross, G. Wang, W. Jia, S.J. Kirkpatrick, F. Zhao, Acta Bio-
mater. 95, 112 (2019)

	 25.	 J. Tien, Compr. Physiol. 9, 1155 (2019)
	 26.	 J. Paek, S.E. Park, Q. Lu, K.T. Park, M. Cho, J.M. Oh, K.W. Kwon, Y.S. Yi, J.W. 

Song, H.I. Edelstein, J. Ishibashi, W. Yang, J.W. Myerson, R.Y. Kiseleva, P. 
Aprelev, E.D. Hood, D. Stambolian, P. Seale, V.R. Muzykantov, D. Huh, ACS 
Nano 13, 7627 (2019)

	 27.	 R.P. Pirraco, Adv. Biol. (Weinh) 7, e2300291 (2023)
	 28.	 J. del Barrio, C. Sánchez-Somolinos, Adv. Opt. Mater. 7, 1900598 (2019)
	 29.	 M.C. Traub, W. Longsine, V.N. Truskett, Annu. Rev. Chem. Biomol. Eng. 7, 

583 (2016)
	 30.	 G.R. Cokelet, R. Soave, G. Pugh, L. Rathbun, Microvasc. Res. 46, 394 

(1993)
	 31.	 M.D. Frame, I.H. Sarelius, Microcirculation 2, 377 (1995)

	 32.	 A Kobayashi, H Miyake, H Hattori, R Kuwana, Y Hiruma, K Nakahama, S 
Ichinose, M Ota, M Nakamura, S Takeda, I Morita. Biochem. Biophys. Res. 
Commun. 358, 692 (2007)

	 33.	 B. Prabhakarpandian, K. Pant, R.C. Scott, C.B. Patillo, D. Irimia, M.F. Kiani, S. 
Sundaram, Biomed. Microdevices 10, 585 (2008)

	 34.	 B. Prabhakarpandian, Y. Wang, A. Rea-Ramsey, S. Sundaram, M.F. Kiani, K. 
Pant, Microcirculation 18, 380 (2011)

	 35.	 J.M. Rosano, N. Tousi, R.C. Scott, B. Krynska, V. Rizzo, B. Prabhakarpandian, 
K. Pant, S. Sundaram, M.F. Kiani, Biomed. Microdevices 11, 1051 (2009)

	 36.	 M. Fenech, V. Girod, V. Claveria, S. Meance, M. Abkarian, B. Charlot, Lab 
Chip 19, 2096 (2019)

	 37.	 M.A. Abdul Sisak, F. Louis, I. Aoki, S.H. Lee, Y.T. Chang, M. Matsusaki, Small 
Methods 5, e2100338 (2021)

	 38.	 G.M. Whitesides, Nature 442, 368 (2006)
	 39.	 L. Wan, J. Skoko, J. Yu, O.B. Ozdoganlar, P.R. LeDuc, C.A. Neumann, Sci. 

Rep. 7, 16724 (2017)
	 40.	 R.R. Chaturvedi, K.R. Stevens, R.D. Solorzano, R.E. Schwartz, J. Eyckmans, 

J.D. Baranski, S.C. Stapleton, S.N. Bhatia, C.S. Chen, Tissue Eng. Part C 
Methods 21, 509 (2015)

	 41.	 S. Nadine, A. Chung, S.E. Diltemiz, B. Yasuda, C. Lee, V. Hosseini, S. 
Karamikamkar, N.R. de Barros, K. Mandal, S. Advani, B.B. Zamanian, M. 
Mecwan, Y. Zhu, M. Mofidfar, M.R. Zare, J. Mano, M.R. Dokmeci, F. Alam-
beigi, S. Ahadian, Artif. Organs 46, E211 (2022)

	 42.	 D.H. Nguyen, S.C. Stapleton, M.T. Yang, S.S. Cha, C.K. Choi, P.A. Galie, C.S. 
Chen, Proc. Natl. Acad. Sci. USA 110, 6712 (2013)

	 43.	 A. Kobayashi, H. Miyake, H. Hattori, R. Kuwana, Y. Hiruma, K.-I. Nakahama, 
S. Ichinose, M. Ota, M. Nakamura, S. Takeda, I. Morita, Biochem. Biophys. 
Res. Commun. 358, 692 (2007)

	 44.	 E. Saerchen, S. Liedtke-Gruener, M. Kopp, A. Heisterkamp, H. 
Lubatschowski, T. Ripken, PLoS ONE 14, e0222293 (2019)

	 45.	 I. Verit, L. Gemini, J.C. Fricain, R. Kling, C. Rigothier, Lasers Med. Sci. 36, 
197 (2021)

	 46.	 O. Sarig-Nadir, N. Livnat, R. Zajdman, S. Shoham, D. Seliktar, Biophys. J. 
96, 4743 (2009)

	 47.	 O. Ilina, G.-J. Bakker, A. Vasaturo, R.M. Hoffman, P. Friedl, Phys. Biol. 8, 
029501 (2011)

	 48.	 C.K. Arakawa, B.A. Badeau, Y. Zheng, C.A. DeForest, Adv. Mater. 29, 
1703156 (2017)

	 49.	 N. Brandenberg, M.P. Lutolf, Adv. Mater. 28, 7450 (2016)
	 50.	 S. Pradhan, K.A. Keller, J.L. Sperduto, J.H. Slater, Adv. Healthc. Mater. 6, 

1700681 (2017)
	 51.	 S.G. Rayner, C.C. Howard, C.J. Mandrycky, S. Stamenkovic, J. Himmelfarb, 

A.Y. Shih, Y. Zheng, Adv. Healthc. Mater. 10, e2100031 (2021)
	 52.	 K.A. Heintz, M.E. Bregenzer, J.L. Mantle, K.H. Lee, J.L. West, J.H. Slater, Adv. 

Healthc. Mater. 5, 2153 (2016)
	 53.	 A. Enrico, D. Voulgaris, R. Östmans, N. Sundaravadivel, L. Moutaux, A. 

Cordier, F. Niklaus, A. Herland, G. Stemme, Adv. Mater. 34, e2109823 
(2022)

	 54.	 D. Richards, J. Jia, M. Yost, R. Markwald, Y. Mei, Ann. Biomed. Eng. 45, 132 
(2017)

	 55.	 A. Mir, E. Lee, W. Shih, S. Koljaka, A. Wang, C. Jorgensen, R. Hurr, A. Dave, 
K. Sudheendra, N. Hibino, Bioengineering (Basel) 10, 606 (2023)

	 56.	 C. Colosi, S.R. Shin, V. Manoharan, S. Massa, M. Costantini, A. Barbetta, 
M.R. Dokmeci, M. Dentini, A. Khademhosseini, Adv. Mater. 28, 677 
(2016)

	 57.	 D.N. Carvalho, S. Dani, C.G. Sotelo, R.I. Perez-Martin, R.L. Reis, T.H. Silva, M. 
Gelinsky, Biomed. Mater. 18, 055017 (2023)

	 58.	 C. O’Connor, E. Brady, Y. Zheng, E. Moore, K.R. Stevens, Nat. Rev. Mater. 7, 
702 (2022)

	 59.	 D. Kilian, A. Poddar, V. Desrochers, C. Heinemann, N. Halfter, S. Liu, S. 
Rother, M. Gelinsky, V. Hintze, A. Lode, Biomater. Adv. 147, 213319 
(2023)

	 60.	 O. Kérourédan, J.-M. Bourget, M. Rémy, S. Crauste-Manciet, J. Kalisky, S. 
Catros, N.B. Thébaud, R. Devillard, J. Mater. Sci. Mater. Med. 30, 28 (2019)

	 61.	 L. Ouyang, C.B. Highley, W. Sun, J.A. Burdick, Adv. Mater. 29, 1604983 
(2017)

	 62.	 J.C. Gomez-Blanco, J.B. Pagador, V.P. Galvan-Chacon, L.F. Sanchez-Peralta, 
M. Matamoros, A. Marcos, F.M. Sanchez-Margallo, Int. J. Bioprint. 9, 730 
(2023)



Page 19 of 20Li et al. Nano Convergence           (2024) 11:10 	

	 63.	 S.C. Millik, A.M. Dostie, D.G. Karis, P.T. Smith, M. McKenna, N. Chan, C.D. 
Curtis, E. Nance, A.B. Theberge, A. Nelson, Biofabrication 11, 045009 
(2019)

	 64.	 L. Koch, A. Deiwick, B. Chichkov, Micromachines 12, 1538 (2021)
	 65.	 S. Sarker, A. Colton, Z. Wen, X. Xu, M. Erdi, A. Jones, P. Kofinas, E. Tubaldi, 

P. Walczak, M. Janowski, Y. Liang, R.D. Sochol, Adv. Mater. Technol. 8, 
2201641 (2023)

	 66.	 A.K. Miri, A. Khalilpour, B. Cecen, S. Maharjan, S.R. Shin, A. Khademhos-
seini, Biomaterials 198, 204 (2019)

	 67.	 N. ContessiNegrini, M. Bonnetier, G. Giatsidis, D.P. Orgill, S. Fare, B. Marelli, 
Acta Biomater. 87, 61 (2019)

	 68.	 V.K. Lee, D.Y. Kim, H. Ngo, Y. Lee, L. Seo, S.S. Yoo, P.A. Vincent, G. Dai, 
Biomaterials 35, 8092 (2014)

	 69.	 L. Zhao, V.K. Lee, S.S. Yoo, G. Dai, X. Intes, Biomaterials 33, 5325 (2012)
	 70.	 J.S. Miller, K.R. Stevens, M.T. Yang, B.M. Baker, D.H. Nguyen, D.M. Cohen, E. 

Toro, A.A. Chen, P.A. Galie, X. Yu, R. Chaturvedi, S.N. Bhatia, C.S. Chen, Nat. 
Mater. 11, 768 (2012)

	 71.	 M. Ryma, H. Genç, A. Nadernezhad, I. Paulus, D. Schneidereit, O. Frie-
drich, K. Andelovic, S. Lyer, C. Alexiou, I. Cicha, J. Groll. Adv. Mater. 34, 
e2200653 (2022)

	 72.	 F. Zheng, B. Derby, J. Wong, Biofabrication 13, 035006 (2021)
	 73.	 X. Zhang, N.O. Abutaleb, E. Salmon, G.A. Truskey, Methods Mol. Biol. 

2375, 77 (2022)
	 74.	 S. Zhao, Y. Chen, B.P. Partlow, A.S. Golding, P. Tseng, J. Coburn, M.B. 

Applegate, J.E. Moreau, F.G. Omenetto, D.L. Kaplan, Biomaterials 93, 60 
(2016)

	 75.	 X.-Y. Wang, Z.-H. Jin, B.-W. Gan, S.-W. Lv, M. Xie, W.-H. Huang, Lab Chip 
14, 2709 (2014)

	 76.	 L.I. Ibrahim, C. Hajal, G.S. Offeddu, M.R. Gillrie, R.D. Kamm, Biomaterials 
288, 121728 (2022)

	 77.	 S.W. Chen, A. Blazeski, S. Zhang, S.E. Shelton, G.S. Offeddu, R.D. Kamm, 
Lab Chip 23, 4552 (2023)

	 78.	 S.N. Bhatia, D.E. Ingber, Nat. Biotechnol. 32, 760 (2014)
	 79.	 T. Yue, D. Zhao, D.T.T. Phan, X. Wang, J.J. Park, Z. Biviji, C.C.W. Hughes, A.P. 

Lee, Microsyst. Nanoeng. 7, 4 (2021)
	 80.	 F. Chesnais, J. Joel, J. Hue, S. Shakib, L. Di Silvio, A.E. Grigoriadis, T. Cow-

ard, L. Veschini, Lab Chip 23, 761 (2023)
	 81.	 M.L. Moya, Y.H. Hsu, A.P. Lee, C.C. Hughes, S.C. George, Tissue Eng. Part C 

Methods 19, 730 (2013)
	 82.	 Y.H. Hsu, M.L. Moya, C.C. Hughes, S.C. George, A.P. Lee, Lab Chip 13, 

2990 (2013)
	 83.	 J. Nie, Q. Gao, C. Xie, S. Lv, J. Qiu, Y. Liu, M. Guo, R. Guo, J. Fu, Y. He, Mater. 

Horiz. 7, 82 (2020)
	 84.	 G. Zhang, M. Varkey, Z. Wang, B. Xie, R. Hou, A. Atala, Biotechnol. Bioeng. 

117, 1148 (2020)
	 85.	 M.G. McCoy, B.R. Seo, S. Choi, C. Fischbach, Acta Biomater. 44, 200 

(2016)
	 86.	 J.-Y. Lai, E.C. Chan, S.-M. Kuo, A.M. Kong, W.A. Morrison, G.J. Dusting, G.M. 

Mitchell, S.Y. Lim, G.-S. Liu, PLoS ONE 11, e0149799 (2016)
	 87.	 T. Coradin, K. Wang, T. Law, L. Trichet, Gels 6, 36 (2020)
	 88.	 A.K. Ramaswamy, D.A. Vorp, J.S. Weinbaum, Front. Cardiovasc. Med. 6, 74 

(2019)
	 89.	 P. Allen, J. Melero-Martin, J. Bischoff, J. Tissue Eng. Regen. Med. 5, e74 

(2011)
	 90.	 X. Cui, T. Boland, Biomaterials 30, 6221 (2009)
	 91.	 S. Li, L.R. Nih, H. Bachman, P. Fei, Y. Li, E. Nam, R. Dimatteo, S.T. Carmi-

chael, T.H. Barker, T. Segura, Nat. Mater. 16, 953 (2017)
	 92.	 S. Rohringer, P. Hofbauer, K.H. Schneider, A.M. Husa, G. Feichtinger, A. 

Peterbauer-Scherb, H. Redl, W. Holnthoner, Angiogenesis 17, 921 (2014)
	 93.	 F.R. Almeida-González, A. González-Vázquez, S.M. Mithieux, F.J. O’Brien, 

A.S. Weiss, C.M. Brougham, Mater. Sci. Eng. C Mater. Biol. Appl. 120, 
111788 (2021)

	 94.	 A.T. Alsop, J.C. Pence, D.W. Weisgerber, B.A.C. Harley, R.C. Bailey, Acta 
Biomater. 10, 4715 (2014)

	 95.	 A.J. Lepedda, G. Nieddu, M. Formato, M.B. Baker, J. Fernández-Pérez, L. 
Moroni, Front. Chem. 9, 680836 (2021)

	 96.	 R.R. Rao, A.W. Peterson, J. Ceccarelli, A.J. Putnam, J.P. Stegemann, Angio-
genesis 15, 253 (2012)

	 97.	 C.M. Ghajar, X. Chen, J.W. Harris, V. Suresh, C.C. Hughes, N.L. Jeon, A.J. 
Putnam, S.C. George, Biophys. J. 94, 1930 (2008)

	 98.	 H.R. Moreira, M.T. Cerqueira, L.P. da Silva, J. Pires, M. Jarnalo, R. Horta, R.L. 
Reis, A.P. Marques, Biomater. Sci. 11, 5287 (2023)

	 99.	 M.N. Nakatsu, R.C. Sainson, J.N. Aoto, K.L. Taylor, M. Aitkenhead, S. Perez-
del-Pulgar, P.M. Carpenter, C.C. Hughes, Microvasc. Res. 66, 102 (2003)

	100.	 H.K. Kleinman, G.R. Martin, Semin. Cancer Biol. 15, 378 (2005)
	101.	 P. Schumann, D. Lindhorst, C. von See, N. Menzel, A. Kampmann, F. 

Tavassol, H. Kokemuller, M. Rana, N.C. Gellrich, M. Rucker, J. Biomed. 
Mater. Res. A 102, 1652 (2014)

	102.	 W. Holnthoner, K. Hohenegger, A.M. Husa, S. Muehleder, A. Meinl, A. 
Peterbauer-Scherb, H. Redl, J. Tissue Eng. Regen. Med. 9, 127 (2015)

	103.	 H.D. Kim, R.-Z. Lin, J.M. Melero-Martin, In vivo vascular network forming 
assay. Vascular morphogenesis. Methods Mol. Biol. 2206, 193 (2021)

	104.	 L. De Moor, J. Smet, M. Plovyt, B. Bekaert, C. Vercruysse, M. Asadian, N. 
De Geyter, S. Van Vlierberghe, P. Dubruel, H. Declercq, Biofabrication 13, 
045021 (2021)

	105.	 V.K. Lee, A.M. Lanzi, N. Haygan, S.S. Yoo, P.A. Vincent, G. Dai, Cell. Mol. 
Bioeng. 7, 460 (2014)

	106.	 L. Li, S. Qin, J. Peng, A. Chen, Y. Nie, T. Liu, K. Song, Int. J. Biol. Macromol. 
145, 262 (2020)

	107.	 M. Isik, E. Karakaya, T.S. Arslan, D. Atila, Y.K. Erdogan, Y.E. Arslan, H. 
Eskizengin, C.C. Eylem, E. Nemutlu, B. Ercan, M. D’Este, B.O. Okesola, B. 
Derkus, Adv. Healthc. Mater. 12, e2203044 (2023)

	108.	 C.F.V. Sousa, C.A. Saraiva, T.R. Correia, T. Pesqueira, S.G. Patrício, M.I. Rial-
Hermida, J. Borges, J.F. Mano, Biomolecules 11, 863 (2021)

	109.	 W. Zhang, J.K. Choi, X. He, J. Biomater. Tissue Eng. 7, 170 (2017)
	110.	 Q. Pi, S. Maharjan, X. Yan, X. Liu, B. Singh, A.M. van Genderen, F. Robledo-

Padilla, R. Parra-Saldivar, N. Hu, W. Jia, C. Xu, J. Kang, S. Hassan, H. Cheng, 
X. Hou, A. Khademhosseini, Y.S. Zhang, Adv. Mater. 30, e1706913 (2018)

	111.	 Y.C. Chen, R.Z. Lin, H. Qi, Y. Yang, H. Bae, J.M. Melero-Martin, A. Khadem-
hosseini, Adv. Funct. Mater. 22, 2027 (2012)

	112.	 D. Wei, W. Xiao, J. Sun, M. Zhong, L. Guo, H. Fan, X. Zhang, J. Mater. 
Chem. B 3, 2753 (2015)

	113.	 A. Brown, H. He, E. Trumper, J. Valdez, P. Hammond, L.G. Griffith, Bioma-
terials 243, 119921 (2020)

	114.	 A. Kirillova, R. Maxson, G. Stoychev, C.T. Gomillion, L. Ionov, Adv. Mater. 
29, 1703443 (2017)

	115.	 S. Cichos, E. Schätzlein, N. Wiesmann-Imilowski, A. Blaeser, D. Henrich, J. 
Frank, P. Drees, E. Gercek, U. Ritz, Int. J. Bioprint. 9, 751 (2023)

	116.	 C. Koepple, L. Pollmann, N.S. Pollmann, M. Schulte, U. Kneser, N. Gretz, 
V.J. Schmidt, Int. J. Mol. Sci. 24, 14813 (2023)

	117.	 L. Debbi, B. Zohar, M. Shuhmaher, Y. Shandalov, I. Goldfracht, S. Leven-
berg, Biomaterials 280, 121286 (2022)

	118.	 K.K. Hirschi, P.A. D’Amore, Cardiovasc. Res. 32, 687 (1996)
	119.	 C.J. Kirkpatrick, V. Krump-Konvalinkova, R.E. Unger, F. Bittinger, M. Otto, 

K. Peters, Biomol. Eng. 19, 211 (2002)
	120.	 A.M. Dingle, K.K. Yap, Y.W. Gerrand, C.J. Taylor, E. Keramidaris, Z. Lokmic, 

A.M. Kong, H.L. Peters, W.A. Morrison, G.M. Mitchell, Angiogenesis 21, 
581 (2018)

	121.	 N. Zhao, S. Kulkarni, S. Zhang, R.M. Linville, T.D. Chung, Z. Guo, J.J. Jamie-
son, D. Norman, L. Liang, A.F. Pessell, P. Searson, Angiogenesis 26, 203 
(2023)

	122.	 J. Kalucka, L. de Rooij, J. Goveia, K. Rohlenova, S.J. Dumas, E. Meta, N.V. 
Conchinha, F. Taverna, L.A. Teuwen, K. Veys, M. Garcia-Caballero, S. Khan, 
V. Geldhof, L. Sokol, R. Chen, L. Treps, M. Borri, P. de Zeeuw, C. Dubois, 
T.K. Karakach, K.D. Falkenberg, M. Parys, X. Yin, S. Vinckier, Y. Du, R.A. 
Fenton, L. Schoonjans, M. Dewerchin, G. Eelen, B. Thienpont, L. Lin, L. 
Bolund, X. Li, Y. Luo, P. Carmeliet, Cell 180, 764 (2020)

	123.	 Y. Wu, J. Fu, Y. Huang, R. Duan, W. Zhang, C. Wang, S. Wang, X. Hu, H. 
Zhao, L. Wang, J. Liu, G. Gao, P. Yuan, Animal Model. Exp. Med. 6, 337 
(2023)

	124.	 M.R. Kelly-Goss, R.S. Sweat, P.C. Stapor, S.M. Peirce, W.L. Murfee, Microcir-
culation 21, 345 (2014)

	125.	 A.O. Lampejo, N.-W. Hu, D. Lucas, B.M. Lomel, C.M. Nguyen, C.C. 
Dominguez, B. Ren, Y. Huang, W.L. Murfee, Front. Bioeng. Biotechnol. 10, 
912073 (2022)

	126.	 J.A. Whisler, M.B. Chen, R.D. Kamm, Tissue Eng. Part C Methods 20, 543 
(2014)

	127.	 Q. Ruan, S. Tan, L. Guo, D. Ma, J. Wen, Front. Bioeng. Biotechnol. 11, 
1186030 (2023)

	128.	 M.R. Zanotelli, H. Ardalani, J. Zhang, Z. Hou, E.H. Nguyen, S. Swanson, 
B.K. Nguyen, J. Bolin, A. Elwell, L.L. Bischel, A.W. Xie, R. Stewart, D.J. 



Page 20 of 20Li et al. Nano Convergence           (2024) 11:10 

Beebe, J.A. Thomson, M.P. Schwartz, W.L. Murphy, Acta Biomater. 35, 32 
(2016)

	129.	 D.G. Belair, J.A. Whisler, J. Valdez, J. Velazquez, J.A. Molenda, V. Vickerman, 
R. Lewis, C. Daigh, T.D. Hansen, D.A. Mann, J.A. Thomson, L.G. Griffith, 
R.D. Kamm, M.P. Schwartz, W.L. Murphy, Stem Cell Rev. Rep. 11, 511 
(2014)

	130.	 R.M. Linville, D. Arevalo, J.C. Maressa, N. Zhao, P.C. Searson, Microvasc. 
Res. 132, 104042 (2020)

	131.	 R.M. Linville, M.B. Sklar, G.N. Grifno, R.F. Nerenberg, J. Zhou, R. Ye, J.G. 
DeStefano, Z. Guo, R. Jha, J.J. Jamieson, N. Zhao, P.C. Searson, Fluids Bar-
riers CNS 19, 87 (2022)

	132.	 S. Kusuma, Y.I. Shen, D. Hanjaya-Putra, P. Mali, L. Cheng, S. Gerecht, Proc. 
Natl. Acad. Sci. USA 110, 12601 (2013)

	133.	 J.J. Kim, L. Hou, G. Yang, N.P. Mezak, M. Wanjare, L.M. Joubert, N.F. Huang, 
Cell. Mol. Bioeng. 10, 417 (2017)

	134.	 A. Dar, H. Domev, O. Ben-Yosef, M. Tzukerman, N. Zeevi-Levin, A. Novak, 
I. Germanguz, M. Amit, J. Itskovitz-Eldor, Circulation 125, 87 (2012)

	135.	 M. Nanni, D. Rütsche, C. Bächler, L. Pontiggia, A.S. Klar, U. Moehrlen, T. 
Biedermann, J. Biol. Eng. 17, 9 (2023)

	136.	 M. Wanjare, S. Kusuma, S. Gerecht, Stem Cell Rep. 2, 561 (2014)
	137.	 H. Cho, B.L. Macklin, Y.Y. Lin, L. Zhou, M.J. Lai, G. Lee, S. Gerecht, E.J. Duh, 

JCI Insight 5, e131828 (2020)
	138.	 N. Kuzmic, T. Moore, D. Devadas, E.W.K. Young, Biomech. Model. Mecha-

nobiol. 18, 717 (2019)
	139.	 M.M. Martino, S. Brkic, E. Bovo, M. Burger, D.J. Schaefer, T. Wolff, L. Gurke, 

P.S. Briquez, H.M. Larsson, R. Gianni-Barrera, J.A. Hubbell, A. Banfi, Front. 
Bioeng. Biotechnol. 3, 45 (2015)

	140.	 A. Khanna, B.P. Oropeza, N.F. Huang, Bioengineering (Basel) 9, 555 (2022)
	141.	 J. Son, S.J. Hong, J.W. Lim, W. Jeong, J.H. Jeong, H.W. Kang, Small Meth-

ods 5, e2100632 (2021)
	142.	 H.R. Moreira, R.M. Raftery, L.P. da Silva, M.T. Cerqueira, R.L. Reis, A.P. 

Marques, F.J. O’Brien, Biomater. Sci. 9, 2067 (2021)
	143.	 E. Ruvinov, J. Leor, S. Cohen, Biomaterials 31, 4573 (2010)
	144.	 F. Munarin, C. Kabelac, K.L.K. Coulombe, J. Biomed. Mater. Res. A 109, 

1726 (2021)
	145.	 Y. Tobe, J. Homma, K. Sakaguchi, H. Sekine, K. Iwasaki, T. Shimizu, Micro-

vasc. Res. 141, 104321 (2022)
	146.	 Z. Gao, Y. Yu, K. Dai, T. Zhang, L. Ji, X. Wang, J. Wang, C. Liu, ACS Appl. 

Mater. Interfaces 14, 39746 (2022)
	147.	 Z. Xu, J. Cao, Z. Zhao, Y. Qiao, X. Liu, J. Zhong, B. Wang, G. Suo, Biomed. 

Mater. 17, 014103 (2021)
	148.	 H.R. Moreira, R.M. Raftery, L.P. da Silva, Biomater. Sci. 9, 2067 (2021)
	149.	 Y. Shang, J. Zeng, M. Matsusaki, Biochem. Biophys. Res. Commun. 674, 

69 (2023)
	150.	 M. Kobayashi, J. Kadota, Y. Hashimoto, T. Fujisato, N. Nakamura, T. 

Kimura, A. Kishida, Int. J. Mol. Sci. 21, 6304 (2020)
	151.	 N.E. Friend, A.J. McCoy, J.P. Stegemann, A.J. Putnam, Biomaterials 295, 

122050 (2023)
	152.	 G. Chiou, E. Jui, A.C. Rhea, A. Gorthi, S. Miar, F.M. Acosta, C. Perez, Y. 

Suhail, Kshitiz, Y. Chen, J.L. Ong, R. Bizios, C. Rathbone, T. Guda, Cell. Mol. 
Bioeng. 13, 507 (2020)

	153.	 O. King, I. Sunyovszki, C.M. Terracciano, Pflugers Arch. 473, 1117 (2021)
	154.	 L. Krishnan, C.J. Underwood, S. Maas, B.J. Ellis, T.C. Kode, J.B. Hoying, J.A. 

Weiss, Cardiovasc. Res. 78, 324 (2008)
	155.	 Y.C. Yung, J. Chae, M.J. Buehler, C.P. Hunter, D.J. Mooney, Proc. Natl. Acad. 

Sci. USA 106, 15279 (2009)
	156.	 S. Pradhan, O.A. Banda, C.J. Farino, J.L. Sperduto, K.A. Keller, R. Taitano, 

J.H. Slater, Adv. Healthc. Mater. 9, e1901255 (2020)
	157.	 D.M. Rojas-Gonzalez, A. Babendreyer, A. Ludwig, P. Mela, Sci. Rep. 13, 

14384 (2023)
	158.	 D. Rosenfeld, S. Landau, Y. Shandalov, N. Raindel, A. Freiman, E. Shor, Y. 

Blinder, H.H. Vandenburgh, D.J. Mooney, S. Levenberg, Proc. Natl. Acad. 
Sci. USA 113, 3215 (2016)

	159.	 H. Liu, S. Kitano, S. Irie, R. Levato, M. Matsusaki, Adv. Biosyst. 4, e2000038 
(2020)

	160.	 B.N.B. Nguyen, R.A. Moriarty, T. Kamalitdinov, J.M. Etheridge, J.P. Fisher, J. 
Biomed. Mater. Res. A 105, 1123 (2017)

	161.	 V.T. Nguyen, B. Canciani, F. Cirillo, L. Anastasia, G.M. Peretti, L. Mangiavini, 
Cells 9, 757 (2020)

	162.	 J. Phelps, D.A. Hart, A.P. Mitha, N.A. Duncan, A. Sen, Stem Cell Res. Ther. 
14, 218 (2023)

	163.	 C. Gao, Y. Huang, L. Zhang, P. Wei, W. Jing, H. Wang, Z. Yuan, D. Zhang, Y. 
Yu, X. Yang, Q. Cai, Biomater. Adv. 141, 213105 (2022)

	164.	 K.A. Tran, A. Baldwin-Leclair, B.J. DeOre, M. Antisell, P.A. Galie, J. Cell. 
Physiol. 237, 3872 (2022)

	165.	 M.R. Asadi, G. Torkaman, M. Hedayati, M. Mofid, J. Rehabil. Res. Dev. 50, 
489 (2013)

	166.	 T. Ebina, N. Hoshi, M. Kobayashi, K. Kawamura, H. Nanjo, A. Sugita, T. 
Sugiyama, H. Masuda, C. Xu, Pathol. Int. 52, 702 (2002)

	167.	 M. Zhao, H. Bai, E. Wang, J.V. Forrester, C.D. McCaig, J. Cell Sci. 117, 397 
(2004)

	168.	 H. Bai, C.D. McCaig, J.V. Forrester, M. Zhao, Arterioscler. Thromb. Vasc. 
Biol. 24, 1234 (2004)

	169.	 Y. Chen, L. Ye, L. Guan, P. Fan, R. Liu, H. Liu, J. Chen, Y. Zhu, X. Wei, Y. Liu, H. 
Bai, Biol. Open 7, bio035204 (2018)

	170.	 B. Lu, M. Ye, J. Xia, Z. Zhang, Z. Xiong, T. Zhang, Adv. Healthc. Mater. 12, 
e2300607 (2023)

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Technology for the formation of engineered microvascular network models and their biomedical applications
	Abstract 
	1 Introduction
	2 Technology for microvascular network formation
	2.1 Photolithography
	2.2 Spatiotemporal material degradation by laser
	2.3 3D bioprinting
	2.3.1 Direct printing of tissue contents and self-assembly of microvasculature
	2.3.2 Printing sacrificial material to fabricate a tube structure

	2.4 Microfluidic systems

	3 Materials for microvascular network formation
	3.1 Natural polymers
	3.2 Synthetic polymers

	4 Cell source for blood capillary formation
	4.1 Primary cells
	4.2 Cell lines
	4.3 Stem cells

	5 Characteristic control of microvascular networks
	5.1 Biological factors
	5.2 Physical factors
	5.3 Other factors

	6 Conclusions
	Acknowledgements
	References


