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Abstract
Three-dimensional (3D) bioprinting seeks to unlock the rapid generation of complex tissue
constructs, but long-standing challenges with efficient in vitromicrovascularization must be solved
before this can become a reality. Microvasculature is particularly challenging to biofabricate due to
the presence of a hollow lumen, a hierarchically branched network topology, and a complex
signaling milieu. All of these characteristics are required for proper microvascular—and, thus,
tissue—function. While several techniques have been developed to address distinct portions of this
microvascularization challenge, no single approach is capable of simultaneously recreating all three
microvascular characteristics. In this review, we present a three-part framework that proposes
integration of existing techniques to generate mature microvascular constructs. First,
extrusion-based 3D bioprinting creates a mesoscale foundation of hollow, endothelialized
channels. Second, biochemical and biophysical cues induce endothelial sprouting to create a
capillary-mimetic network. Third, the construct is conditioned to enhance network maturity.
Across all three of these stages, we highlight the potential for extrusion-based bioprinting to
become a central technique for engineering hierarchical microvasculature. We envision that the
successful biofabrication of functionally engineered microvasculature will address a critical need in
tissue engineering, and propel further advances in regenerative medicine and ex vivo human tissue
modeling.

1. Amulti-step approach to engineering
functional vascularized constructs

1.1. The power and promise of extrusion-based 3D
bioprinting
With applications ranging from on-chip models of
disease progression [1, 2] and drug efficacy [3], to
the generation of tissue replacements and implant-
ables [4] for resolving the long-bemoaned donor
organ shortage, creating functional microvasculature
at the bench is key to unlocking the promise of tis-
sue engineering and regenerative medicine. Three-
dimensional (3D) bioprinting is currently revolution-
izing these fields by enabling the rapid generation

of complex tissue constructs that aim to amelior-
ate long-standing challenges associated with efficient
in vitro vascularization. Extrusion-based 3Dbioprint-
ing has garnered particular recognition largely due
to the accessibility and adaptability of this tech-
nique. In addition to the growing number of cutting-
edge commercial bioprinters available today, custom-
manufacturing and operating an extrusion-based 3D
bioprinter is accessible thanks to a thriving open-
source 3D printing community [5–7]. Further, the
design of many extrusion-based bioprinters leverages
a wealth of semi-modular hardware, making these
bioprinters adaptable for use with various biomater-
ial inks, commonly hydrogels, that employ diverse
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gelation strategies. Of particular importance for tis-
sue engineering is the ability to mount additional
extruders or custom-built multimaterial extrusion
systems onto the bioprinter for simultaneous print-
ing of multiple biomaterial inks [8–10]. Crucially,
principles from biomaterials science may be used
to engineer these inks to provide user-defined bio-
physical and biochemical cues within the printed
construct for instructing long-term cell behaviors.
Taken together, these capabilities make extrusion-
based bioprinting a promising technique for rep-
resenting the complexity of the microvascular niche
in vitro.

To date, efforts to bioprint constructs that mir-
ror the nutritive arteriole-capillary-venule networks
characteristic of microvasculature have primar-
ily focused on reproducibly creating perfusable
structures, such as simplified lattices. As such, less
emphasis has been placed on recapitulating other
important drivers of vascular function within these
printed constructs. This 1st wave of 3D bioprinting
built a strong foundation by identifying the design
constraints for printable biomaterial inks and estab-
lishing a variety of techniques for solving the unique
challenges of additivemanufacturing with soft mater-
ials. Armed with this knowledge, researchers are
more capable than ever of using extrusion-based
3D bioprinting to make elegant and complex shapes
reminiscent of native tissues [11] and microvascu-
lature [8] from a variety of different materials. The
output of these studies has largely been restricted to
the maintenance of cell viability following printing;
however, the accurate recapitulation of microvascu-
lature in vitro requires significantly more incorpor-
ation of biochemical and biophysical signals known
to impact cell phenotype. Recognizing this need [12],
there has been increasing interest in engineering fur-
ther biological complexity and function into bioprin-
ted microvascular constructs to enhance their trans-
lational applicability.

1.2. Three key characteristics make
microvasculature difficult to replicate
Despite more than three decades of exciting progress
in the field of in vitro vascularization, particularly
with microfluidic models [13, 14] and 3D bioprint-
ing [4], the on-demand creation of truly biomimetic
microvasculature at scale remains out of reach. This
is largely because functional multiscale microvascu-
lature is inherently challenging to biofabricate from
an engineering standpoint. Specifically, three char-
acteristics that allow vascular networks to function
in vivo include (a) a hollow, endothelialized lumen;
(b) a highly organized and hierarchical network
structure; and (c) a complex signaling environment
that dynamically regulates and drives vascular func-
tion (figures 1(A)–(C)). Here, we will focus on ves-
sels relevant to nutritive microvascular beds, includ-
ing arterioles (40–300 µm in diameter), capillaries

(10–50 µm in diameter), and post-capillary venules
(10–100 µm in diameter) [15, 16]. Even within this
limited size regime, the three key microvascular char-
acteristics listed above each pose unique biofabrica-
tion challenges that make it difficult to recapitulate
functional microvasculature through any one fabric-
ation technique alone.

1.3. A three-part framework to solve current
challenges
In this review, we propose a three-part framework
that addresses current obstacles by integrating exist-
ing techniques. (a) First, a foundation of mesoscale,
hollow, and endothelialized channels is fabricated
using extrusion-based 3D bioprinting (figure 1(D)).
To that end, we discuss the challenges associated
with bioprinting perfusable, endothelial cell (EC)-
lined vascular networks and survey their current
solutions. (b) Next, we highlight biomaterials- and
biofabrication-based strategies to direct the growth of
microvascular beds from the bioprinted foundation,
thereby bridging a critical resolution gap between
bioprinted channels and the capillaries required for
function (figure 1(E)).With this goal inmind, we dis-
cuss the limitations of current strategies for creating
hierarchical networks and the importance of different
cues in driving sprouting morphogenesis. We further
highlightmethods to pattern these signals and discuss
considerations for selecting an appropriate EC source
and phenotype. (c) Last, we discuss instructive signals
that can condition and stabilize the network, thereby
enhancing function (figure 1(F)). These include the
presence of supporting mural or tissue-specific cells
and fluid flow. With an eye towards achieving func-
tion, we discuss previous challenges associated with
recapitulating the microvascular signaling environ-
ment, facile methods for incorporating key drivers
of vascular function into bioprinted constructs, and
emerging considerations for engineering and assess-
ing the function of biofabricated microvasculature.
Marked advances have been made towards each
of these three goals, but no single system has yet
seamlessly addressed all three to achieve functional,
multiscale engineered microvasculature. This review
will demonstrate the potential for extrusion-based
bioprinting to become a central technique for engin-
eering microvasculature by discussing its compatibil-
ity with strategies for accomplishing all three of these
stages.

2. Building the foundation using
extrusion-based bioprinting

One defining characteristic of all healthy vasculature
is the presence of an unobstructed, EC-lined lumen
through which blood and its constituent cells, nutri-
ents, and signals can flow [17]. The importance of
both the lumen geometry and presence of a uniform
endothelium cannot be overstated. Alterations to this
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Figure 1. Biofabricating functional microvasculature in three steps. At a high level, three characteristics of microvasculature are
both crucial for function and difficult to biofabricate using any one technique alone: (A) the presence of a hollow lumen that
enables fluid (blood) flow; (B) a hierarchically branched network topology; and (C) a complex signaling environment composed
of biophysical (fluid flow, extracellular matrix (ECM) mechanics) and biochemical (diverse cell types, signaling molecules, matrix
ligands) cues for tissue homeostasis. We propose overcoming this challenge using a three-step approach that leverages existing
techniques. (D) First, a foundational, hollow network structure is fabricated using extrusion-based bioprinting. (E) Second,
proangiogenic signaling is harnessed to induce EC sprouting and the formation of a capillary-scale network. (F) Third, the
network is matured using signals known to condition and stabilize nascent vascular networks, including the introduction of
supporting cell types (vascular smooth muscle cells (vSMCs), pericytes).

geometry are characteristic of disease and injury,
such as stenosis associatedwith atherosclerotic plaque
accumulation or thrombosis [18]. If severe enough,
vessel occlusion can cause rapid tissue damage via
ischemia, as in a heart attack or stroke. Meanwhile,
the interaction between blood and ECsmade possible
by the hollow architecture is crucial to vascular devel-
opment, where the initiation of blood flow helps sta-
bilize the nascent cardiovascular system. This import-
ance continues into adulthood, where dysfunction or
disruption of the endothelium can have dire con-
sequences [17, 18]. Because of the integral role of
this endothelialized lumen in vascular function, early
attempts to bioprint microvasculature focused on
these two criteria—creating a hollow lumen and
forming an endothelial monolayer—as benchmarks
for success. While challenging, techniques have been
developed to achieve these goals.

2.1. Bioprinting techniques for hollow lumen
formation
Using our three-part framework, the 1st step in
biofabricating functional, multiscale microvascu-
lature requires the establishment of a foundational

scaffold of arteriole-scale (40–300 µm in diameter)
and venule-scale (10–100 µm in diameter) vessel-like
structures from which to build [15, 16]. This requires
the creation of hollow channels, which are later lined
by an EC monolayer (figure 2(A)). For many biofab-
rication approaches, however, the rapid and reliable
creation of void spaces within a 3D construct can
be challenging. In free-standing 3D bioprinting, for
example, biomaterial inks that simultaneously main-
tain cell viability and enable cell-mediated matrix
remodeling post-print are often too soft to support
their own weight and collapse into luminal spaces
during the printing process, which precludes their
use as models of vascularization. Because a success-
ful biomaterial ink must optimize both structural
integrity and cell viability [19], striking a balance
between these opposing design constraints is central
to the development of biomaterial inks and bioprint-
ing strategies. To that end, several promising tech-
niques have been developed that allow for rapid and
reliable creation of complex, vascular-mimetic struc-
tures within a defined size regime. In particular, three
techniques commonly employed to fabricate perfus-
able channels include the use of sacrificial inks as
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Figure 2. Building the foundation using extrusion-based bioprinting. ((A), panel 1) Several 3D bioprinting techniques enable the
fabrication of hollow networks by using materials or crosslinker solutions that fill and/or physically support the hollow lumen
being created. ((A), panel 2) Because these techniques often preclude the direct deposition of EC-laden inks, hollow channels are
endothelialized—or seeded with ECs—after fabrication. (B) Sacrificial inks are used to create a mold of the desired hollow space,
which physically supports the surrounding ink as it is printed or cast around it. After crosslinking the surrounding ink, the
sacrificial ink is removed to form a hollow lumen. (C) Gel-phase support baths similarly fill and physically support a hollow
structure during printing. These materials locally fluidize around the printing nozzle as it passes, and rapidly self-heal to confine
the deposited ink. After crosslinking the biomaterial ink, the support bath is removed. (D) Coaxial extrusion systems allow for
direct printing of hollow channels by extruding both a biomaterial ink and its crosslinker from concentric nozzles to crosslink the
material in situ. (E) During endothelialization, the 3D printed lumen is perfused with a suspension of ECs. The cells are allowed
to adhere to the construct surface, which is crucially dependent upon factors such as the presentation of cell-adhesive ligands.
After removing unattached cells, the construct is cultured to allow endothelial monolayer formation.

support materials, printing into gel-phase support
baths, and using coaxial nozzles to directly extrude
hollow channels (figures 2(B)–(D)).

2.1.1. Sacrificial inks for channel formation
Sacrificial inks, also referred to as fugitive inks, are
materials that can be directly printed or cast into
a defined shape, embedded or co-printed within
a surrounding biomaterial ink, and then removed
after printing to reveal a desired—often hollow—
structure (figures 1(D) and 2(B)). One of the first

demonstrations of sacrificial inks used a wax-based
material to form 3D microvascular structures within
a microfluidic device [20–22]. Today, a variety of sac-
rificial inks have been developed that can be broadly
categorized by their removal mechanism.

2.1.1.1. Aqueous dissolution
Inspiration for sacrificial inks has stemmed from
diverse sources, such as sugar spinning [23]. For
example, existing models of glass-fiber drawing have
been adapted to thermal extrusion in order to
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produce carbohydrate-glass lattices that were readily
dissolved in aqueous conditions, including cell cul-
ture medium [24]. This approach allowed for fusion
between filaments by controlling the temperature of
the build platform, making an interconnected net-
work that can be challenging to produce with other
techniques and materials. To prevent osmotic dam-
age to cells encapsulated in the surrounding mater-
ial during dissolution, the lattices were briefly coated
in poly(D-lactide-co-glycolide), which ensured that
dissolved carbohydrates flowed out of the channels
instead of through the bulk, and then similarly dis-
solved away. Carbohydrate glasses have been used
in subsequent applications, such as the creation of
vascular patches that, upon implantation, improved
reperfusion post-ischemia [4].

2.1.1.2. Thermal gelation and melting
Another class of sacrificial inks relies on reversible
thermal gelation to remove the printedmaterial. Plur-
onic F-127 is a triblock-copolymer of poly(ethylene
oxide) and poly(propylene oxide) that has seen
extensive use as a sacrificial ink for extrusion-based
bioprinting [25]. Pluronic F-127 solutions form
liquid-phasemicelles at low temperatures and a liquid
crystalline gel phase at higher temperatures, where the
gelation andmelting temperatures are highly depend-
ent upon the concentration of the solution [26]. For
example, solutions below 20 wt% do not form gels,
while those above 40 wt% are always a gel between
0 ◦C and 100 ◦C [27]. The gelation of Pluronic
F-127 is also impacted by resident salts [28]. This
tunability makes processing and removal of sacrifi-
cial Pluronic F-127 inks straightforward, for they are
commonly formulated to liquify close to 4 ◦C. In
particular, Pluronic F-127 has been used as a sac-
rificial ink for printing vascular networks in con-
junction with a variety of materials and cell types
[25, 29, 30], demonstrating its broad suitability for
bioprinting applications. Gelatin, a collagen-derived
biomaterial, is another commonly used sacrificial ink
that relies upon temperature changes for removal.
In contrast to Pluronic F-127, which solidifies when
heated, solutions of gelatin will solidify when cooled.
While the melting temperature can be tuned through
gelatin concentration, molecular weight, and thermal
history [31], gelatin-based sacrificial inks are com-
monly designed tomelt at physiological temperatures
(37 ◦C) [32]. This makes their removal cell-friendly.
Furthermore, because gelatin is a derivative of colla-
gen, it is naturally cell-adhesive, and channels made
with gelatin will likely contain residual cell-adhesive
ligands capable of promoting EC anchoring. The suc-
cess of gelatin-based sacrificial inks can be seen in
their recent uses, such as the printing of gelatin vas-
cular channels within a bioink composed of recon-
stituted basement membrane, collagen I, and tissue-
specific spheroids [33].

2.1.1.3. Physical crosslink disruption by small
molecules
A 3rd class of sacrificial inks takes advantage of phys-
ical crosslinking for gelation and dissolution. One
common example is alginate, a naturally derived, lin-
ear polysaccharide composed of guluronic acid and
mannuronic acid subunits. Alginate uses a cytocom-
patible ionic crosslinking mechanism for gelation,
wherein guluronic acid monomers complex around
divalent cations, such as calcium, and form a gel. Fur-
ther, these crosslinks are readily disrupted by treat-
ment with calcium chelators like sodium citrate and
ethylenediaminetetraacetic acid. Because of its ease of
use, alginate has been utilized extensively in the bio-
materials community as a cell culture platform [34]
and, more recently, as a sacrificial ink within vari-
ous biomaterials to form vascular-mimetic networks
[35, 36]. Other physical hydrogels, such as those
that employ guest-host interactions for crosslink-
ing, have also been used as sacrificial inks. Specific-
ally, a sacrificial hydrogel composed of adamantane-
and β-cyclodextrin-conjugated hyaluronic acid (HA)
was bioprinted into a similar hydrogel support bath
of adamantane-norbornene-HA and β-cyclodextrin-
HA [37]. Removal of this guest-host material used an
analogous strategy to that of alginate. After printing
microvascular structures, the support bath was cross-
linked by ultraviolet (UV) light via thiol-ene click
chemistry, and the print was flushed with soluble β-
cyclodextrin to disrupt the physical crosslinks and
remove the sacrificial ink [38]. This creative example
of biomaterial ink development encourages future
investigation into under-explored crosslinking meth-
ods to propel further advances in extrusion-based
bioprinting with sacrificial inks [39].

2.1.2. Support baths for channel fabrication
Gel-phase support baths (also referred to as sus-
pension media) solve the challenge of print collapse
encountered in early bioprinting work by physically
supporting and confining deposited biomaterial inks
during the printing process. When a support bath is
used, the biomaterial ink is not printed into air, but
rather directly within a reservoir containing the sup-
port bath (figure 2(C)). This unlocks three primary
benefits [40]. First, support baths allow hollow struc-
tures to be directly, continuously, and omnidirection-
ally printed, thereby expanding the scope of accessible
print geometries and resolutions. Unlike printing in
air, which can lead to ink spreading and loss of res-
olution, printing within a support bath helps to keep
the ink confined, so that the filament resolution can
approach that of the needle diameter [8, 40]. Addi-
tionally, support baths widen the range of mechan-
ical properties suitable for biomaterial inks, bringing
their printable window closer to that required for cell
culture and expansion. What is more, support baths
keep the printed materials hydrated, which improves
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post-print cell viability. Support baths must display
a few unique mechanical properties, including shear-
thinning and self-healing behaviors, to provide these
benefits [40–43]. To allow the needle tomove through
the support bath, it must shear-thin and yield, allow-
ing ink deposition. To confine and physically sup-
port the newly extruded filament, the shear-thinned
region of the support bath must rapidly self-heal.

Interestingly, jammed microparticles often
exhibit these characteristics and, as a result, many
support baths are microparticle-based [44, 45]. For
example, gelatin microparticles have been used for
freeform reversible embedding in suspended hydro-
gels (FRESH) [43]. When jammed, the gelatin micro-
particle slurry behaves as a shear-thinning Bing-
ham plastic, making it an ideal support bath for
3D bioprinting. Furthermore, the FRESH approach
has been shown to simultaneously support multiple
different gelation strategies and enable printing of
physiologically relevant coronary arterial trees [8].
Microgels of a crosslinked polyacrylic acid copoly-
mer, commonly referred to as carbomer or Carbopol,
have also been used as a granular support bath for
extrusion-based bioprinting. While this copolymer is
primarily marketed as a thickening agent for surfact-
ant systems, such as shampoo and body wash, it has
found applications in fields such as drug delivery and
bioprinting [46]. The versatility of Carbopol micro-
gels as a support bath for 3D printing and bioprinting
was demonstrated by creating complex structures,
such as a vascular-mimetic branching tree, from a
plethora of different inks, including polyvinyl alco-
hol, polyacrylamide, poly(ethylene glycol) (PEG),
HA, alginate, and collagen, with fine resolution [42].
This work was recently expanded upon through
the bioprinting of vascular channels from synthetic
bioelastomer prepolymers into a Carbopol support
bath [47], further demonstrating the specific utility of
Carbopol support baths for microvascular bioprint-
ing. Pluronic F-127, while commonly used as a sac-
rificial ink, has also been used as a support bath.
In fact, because of the similarity in their purpose,
namely physical support and facile removal post-
print, many materials used for sacrificial inks are
also used as support baths. This crossover is exempli-
fied by the printing of Pluronic F-127 as a sacrificial
ink within a photocurable support bath of Pluronic
F-127 diacrylate for the formation of microvascular
networks [25]. Another example is the use of gelatin
microgels, often utilized as a support bath, as a sac-
rificial component to control void space within a
gelatin methacryloyl (GelMA)microgel ink [48]. The
granular support baths discussed herein are made
from diverse biomaterials using a variety of fabrica-
tion methods known to influence microgel proper-
ties [49, 50]. Yet, because of the shared characterist-
ics inherent to jammed microgels, each satisfies the
mechanical requirements for use in 3D bioprinting
[44, 50]. As a result, the development of new granular

hydrogels for both support baths and biomaterial inks
has become an area of active research [45, 49, 51].

2.1.3. Coaxial extrusion systems for channel
fabrication
Coaxial extrusion systems enable the fabrication
of perfusable channels by directly extruding hol-
low filaments of biomaterial ink from concentric
nozzles (figure 2(D)). This often circumvents the
need for extraneous sacrificial inks or support baths,
but inherently struggles with making networks of
branched, interconnected channels. One common
approach for coaxial extrusion simultaneously prints
alginate-based biomaterial inks with a calcium solu-
tion that crosslinks the alginate in situ to form a solid
shell [52, 53]. Alginate has also been blended with
other biomaterials, such as GelMA and poly(ethylene
glycol)-tetra-acrylate (PEGTA), to form perfusable
geometries through coaxial extrusion [54]. In this sys-
tem, alginate enabled the creation of hollow channels
via coaxial extrusion with calcium, while GelMA and
PEGTA allowed for post-print stiffening upon expos-
ure to UV light. Interestingly, because of the shape
fidelity conferred by coaxial extrusion via immediate
crosslinking, alginate-based sacrificial inks have also
leveraged coaxial extrusion with calcium to improve
resolution. Meanwhile, sacrificial inks are sometimes
used in coaxial extrusion to provide additional sup-
port to the hollow filament during printing. Coaxial
extrusion systems have additional benefits for vascu-
lar biofabrication. For example, coaxial nozzles allow
for the direct printing of layered and hollow fila-
ments that better mimic the stratification seen within
the wall of higher-order vessels. This is exemplified
by recent work that used a coaxial arrangement of
catechol-functionalized GelMA and smooth muscle
cells surrounding a sacrificial crosslinking slurry of
Pluronic F-127, sodium periodate, and ECs [55]. This
overlap between techniques demonstrates the adapt-
ability and user-friendly nature of sacrificial inks, gel-
phase support baths, and coaxial extrusion systems
for creating vascular-mimetic hollow channels using
extrusion-based bioprinting.

2.2. Biomaterial strategies for lumen
endothelialization
While the techniques discussed above enable the
creation of vascular-mimetic (hollow) geometries,
these hollow channels themselves are not enough
to provide the foundation needed for later func-
tion; a key characteristic of the native vascular lumen
is a monolayer of homogeneously dispersed ECs.
This endothelial monolayer is essential for vascu-
lar function [17, 18]. Therefore, after successfully
creating stable, perfusable channels using extrusion-
based bioprinting, it is essential that the channels
are not only seeded with ECs, but also biofabricated
in a way that promotes the formation of a healthy,
cohesive endothelial lining from the seeded cells. The
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predominant method for endothelializing a print fills
the hollow channels with an EC suspension and relies
upon cellular adhesion to and proliferation along the
luminal surface (figure 2(E)). Other techniques for
introducing ECs, such as directly printing cells within
a biomaterial ink, have been explored to a lesser
extent. Several luminal characteristics like present-
ation of cell-adhesive ligands, substrate mechanics,
and substrate topography—all quasi-2D considera-
tions in this context—play a role in EC adhesion,
which is the 1st step to achieving multicellular func-
tion and a stable endothelium.

Ensuring sufficient EC coverage along the
bioprinted lumen is crucial to monolayer forma-
tion and is influenced by the incorporation of cell-
adhesive ligands along the quasi-2D surface of the
lumen. To that end, many commonly used bioma-
terial inks either naturally contain or are modified
to present cell-adhesive ligands. For example, the
naturally-derived biopolymer gelatin is often used
as a biomaterial ink, sacrificial ink [33], and sup-
port bath [43], and contains collagen-derived cell-
adhesive ligands. In contrast, synthetic materials like
PEG and some natural biopolymers, including algin-
ate, do not contain any known cell-adhesion sites.
To enable cell adhesion, such materials are chemic-
ally conjugated with cell-adhesive peptides, such as
the integrin-binding arginine–glycine–aspartic acid
(RGD) sequence. Yet even with these cell-adhesive
ligands, achieving sufficient cell seeding along ves-
sels on the smaller length scale of our bioprinted
spectrum can prove challenging. Recent work using
photoablation to create capillary-scale features noted
that seeding these small (5–20 µm in diameter) chan-
nels via perfusion was challenging and, in some cases,
impossible [56]. In the future, ligand affinity and
specificity could be tuned to ameliorate this issue.
For example, cell-adhesive ligands with higher spe-
cificity for endothelial progenitor cells (EPCs) and
ECs over other cell types, such as platelets and inflam-
matory cells, have been developed [57]. This work
uncovers an interesting avenue for improving the
reliability and success of EC adhesion to bioprin-
ted channels. Additionally, several methods exist for
spatiotemporally altering the presentation of cell-
adhesive ligands post-print, which may prove use-
ful for synchronizing or preferentially controlling
EC binding. For example, spontaneous and site-
specific covalent bonding between the small protein
domain SpyCatcher and its reciprocal pair SpyTag
has been used to temporally control the presentation
of RGD within PEG hydrogels [58], and could be
modified for bioprinting applications. Alternatively,
cell attachment may be coordinated in time through
the triggered presentation of pre-existing but pre-
viously obscured ligands [59]. Furthermore, it has
been shown that integrin-binding ligand clustering
can have amarked effect on cell adhesion andmotility
[60]. This has also been shownwith ECs, where ligand

clustering enhanced EC proliferation and forma-
tion of focal adhesions [61], important steps for
endothelial monolayer formation. Additional meth-
ods to spatially control cell-adhesive ligand tethering
in 3D, with the goal of promoting endothelial sprout-
ing, will be discussed in section 3.1.3.

In addition to ligand presentation, themechanical
properties and topography of the lumen produced
via extrusion-based bioprinting can have a lasting
impact on not only cellular adhesion but eventual ves-
sel integrity (topographical cues discussed in greater
length in section 4.2). For instance, the mechanics
of the vascular intima are intimately related to vas-
cular health and disease, and intimal stiffening is
known to promote vascular permeability [62] asso-
ciated with atherogenesis [63]. Likewise, mechanical
heterogeneity of the intima has also been implic-
ated in this increased permeability. A study of 2D
substrate mechanical heterogeneity using photopat-
terned methacrylated HA (MeHA) hydrogels found
that substrates with heterogeneous stiffness impaired
endothelial monolayer formation, increased intercel-
lular gap size, and impaired cell–cell junction integ-
rity [64]. This is not surprising, as 2D mechan-
ical heterogeneity plays a role in other biological
contexts, such as stem cell differentiation [65]. In
addition to altering EC attachment and monolayer
formation, substrate stiffness has been implicated in
regulating the interaction between ECs and mono-
cytes by altering endothelial expression of monocyte
chemoattractant protein-1, vascular cell adhesion
molecule-1, and intercellular adhesion molecule-1
[66]. Thus, design considerations at this initial stage
of biofabrication can influence eventual function of
constructed microvasculature. Despite this compel-
ling connection, exploration into inherent mech-
anical microheterogeneity along a printed lumen
remains under-explored to date. We will discuss the
better-elucidated effects of topography on function in
section 4.2.

3. Bridging the gap through induced
sprouting

Native vasculature exhibits a characteristically hier-
archical network architecture that controls blood
flow and nutrient transport. As diameter changes
along the vascular tree, the primary function of the
vessel similarly changes. At one end, larger vessels
serve to regulate blood flow, while at the other,
beds of small-caliber capillaries maximize contact
with the surrounding tissue for nutrient exchange.
Even within the narrower scope of microvasculature
(10–300 µm in diameter), creating a similarly hier-
archical network is rarely possible using a single
biofabrication technique. Previous efforts to create
microvascular-mimetic structures using extrusion-
based bioprinting have focused on the fabrication of
constructs similar in size to mid-scale vessels. This is
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partly due to the range of print resolutions access-
ible with extrusion-based bioprinting, which is lim-
ited by physical constraints including the inner dia-
meter of the printing nozzle and the resolution of
the stepper motors on the printer. Because of this,
extrusion-based bioprinting is well-equipped to rap-
idly generate vessel-like structures with diameters
similar to arterioles and post-capillary venules (fab-
ricated diameters of 100–300 µm), but struggles to
create capillary-like structures (10–50 µm in dia-
meter) [15, 16]. Meanwhile, alternative techniques
excel at creating capillary-scale vascular features, such
as the use of biochemical and biophysical signals
known to induce endothelial network formation.
This approach relies upon the inherent ability of ECs
to undergo sprouting morphogenesis when exposed
to the proper signals, and has proven quite power-
ful for the creation of capillary-scale microvessels
[67–69] (overview of angiogenic sprouting shown in
figures 3(A)–(C)). However, achieving larger-caliber
vessels, such as those attainable via extrusion-based
bioprinting, remains challenging using sprouting-
based techniques. The dearth of strategies capable of
seamlessly transitioning from arteriole- and venule-
scale to capillary-scale vessels represents a crucial rift
in feature resolution that the biofabrication com-
munitymust address to successfully create functional,
hierarchical, and scalable microvasculature. Focus-
ing on the 2nd part of our three-part framework
(section 1.3), we propose that an integration of mid-
range, bioprinted vessel-like channels (section 2)with
approaches to guide EC sprouting using biochemical
and biophysical cues presents a promisingmethod for
bridging this resolution gap.

3.1. Inducing endothelial sprouting via controlled
biochemical signaling
The role of biochemical signaling in EC sprout-
ing is well known from vascular biology and
in vitro microfluidics-based models of vasculariza-
tion [70–72]. Signals within the microenvironment,
including growth factors, oxygen gradients, and cell-
adhesive ligands, all play crucial roles in orchestrat-
ing vascular sprouting by regulating the signaling
pathways responsible for sprouting morphogenesis
(figure 3(D)). Incorporating these angiogenic signals
into the microvascular biofabrication process can
better mimic the physiological conditions conducive
to hierarchical sprouting and capillary formation.
While most of these strategies have not yet been used
with bioprinting, they could, in theory, be readily
integrated within the extrusion-based 3D bioprint-
ing workflow.

3.1.1. Angiogenic growth factors
A beautifully complex process, sprouting morpho-
genesis is mediated by several angiogenic growth
factors, which are upregulated under stressful
conditions such as hypoxia, inflammation, and

ischemia [73]. The most potent of these factors,
vascular endothelial growth factor (VEGF) stimu-
lates vascular morphogenesis by upregulating sig-
naling pathways responsible for lumen formation,
endothelial and mural cell co-assembly, and tubu-
logenesis [74]. While these downstream effects are
crucial to sprout formation, other processes (pre-
viously reviewed in-depth here [75, 76]) are neces-
sary for the stabilization and subsequent function
of newly-formed vessels. Briefly, during sprouting
angiogenesis, local basement membrane degrada-
tion allows plasma-derived proteins to form a provi-
sional ECM around the parent vessel that facilitates
sprout extension led by a liberated endothelial tip
cell (figure 3(A)). As endothelial stalk cells prolif-
erate behind the tip cell, a leaky neo-vessel forms
(figure 3(B)). This nascent vessel is then stabilized
through perfusion, basement membrane deposition,
and the recruitment of mural cells such as peri-
cytes. This allows resident ECs to return to a qui-
escent phalanx cell phenotype (figure 3(C)). Later,
as sprouts mature into a stable network, they are
pruned and remodeled to establish the hierarchical
structure characteristic of vasculature [73, 75, 76].
Despite VEGF being considered the master regulator
of angiogenesis, delivery of this one factor alone is
often insufficient to create stable sprouts and can
result in the formation of leaky and disorganized
vessels. Other growth factors work in tandem with
VEGF to stabilize and mature the developing vessel.
Most notably, platelet-derived growth factor (PDGF)
[77] directs the recruitment of mural cells, which
tighten EC–EC junctions through the production
of angiopoietin 1 (ANG-1) [73, 75, 76]. Further-
more, fibroblast growth factor (FGF) is implicated
in myriad angiogenic processes, including basement
membrane degradation and EC proliferation in early
angiogenesis, andmatrix deposition and vessel main-
tenance in later stages [75]. The potency of these
angiogenic signals has translated to in vitromodels of
vascularization, where methods to spatiotemporally
control their signaling have been effectively used to
direct sprouting morphogenesis [78]. Several of these
methods are described in detail below.

3.1.1.1. Microfluidic gradients
Microfluidic devices are commonly used to form
stable biochemical gradients that direct endothelial
migration and sprouting (figure 3(F)). Specifically,
ECs are known to migrate from low to high con-
centrations of angiogenic growth factors [79]. The
slope of these microfluidic concentration gradi-
ents has also been shown to influence EC direc-
tionality and pathfinding [80]. Recently, emphasis
has been placed on developing microfluidic plat-
forms that allow for three-dimensional control over
sprouting within ECMs by establishing growth factor
gradients through microfluidic channels [81]. To
accomplish this, lithographically defined channels
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Figure 3. Biomaterials and biofabrication approaches to bridge the critical resolution gap through induced spouting. Angiogenic
sprouting progresses through well-orchestrated stages. (A) First, local ECs become activated and initiate sprouting in response to
an angiogenic signal. In this first step, endothelial basement membrane is degraded, endothelial junctions weaken, and a tip cell is
formed. (B) Next, the liberated tip cell directionally migrates toward the angiogenic signal, followed by a leaky nascent vessel
composed of proliferating stalk cells. (C) Finally, after sprout fusion, perfusion helps to restore a quiescent phalanx endothelial
phenotype, basement membrane is deposited, and mural cells (such as pericytes, shown) mature and stabilize the vessel.
(D) A host of biochemical and biophysical signals are known to direct angiogenic sprouting, including proangiogenic growth
factor signaling, hypoxia, the presentation of cell-adhesive ligands, matrix stiffness, matrix density, and matrix degradation.
Biomaterials and biofabrication-based approaches have been used to spatiotemporally control angioinductive cues (E)–(G).
(E) Photochemistry allows the user to tether one or more bioactive molecules in complex spatial patterns within biomaterial
constructs, with the ability to further control release. (F) Microfluidic channels are commonly used to create stable gradients of
soluble signaling molecules. (G) Meanwhile, bioprinting may be used for the patterned deposition of multiple materials with
different matrix stiffnesses or densities, tethered ligands or growth factors, or degradation profiles.
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were embedded within hydrogels, where one central
channel housed ECs and surrounding parallel chan-
nels served as a source and a sink for the selected
growth factor [82]. Someof these platforms have been
explicitly designed to facilitate image acquisition in
order to evaluate sprout formation [83]. Recogniz-
ing that one angiogenic signal is often insufficient to
achieve stable network formation, microfluidic plat-
forms have been used that combine multiple growth
factors. For example, collagen microfluidic channels
seeded with ECs and stimulated with a combina-
tion of VEGF and FGF formed robust EC cords
within 24–48 h [84]. Furthermore,microfluidic chan-
nels have been used to create combined VEGF and
ANG-1 gradients to direct sprouting morphogen-
esis. In this dual-growth factor system, the VEGF
gradient played a chemotactic role while the ANG-
1 gradient stabilized connections between tip and
stalk cells [85]. The diffusion-based approach central
to microfluidic signaling gradients is directly trans-
latable to extrusion-based bioprinting. For example,
sacrificial inks (see section 2.1.1) have been used to
bioprint microfluidic channels with complex curved
geometries that allowed for the formation of an
angiogenic growth factor gradient [38]. Since it was
also found that channel curvature influences the effic-
acy of growth factor gradients, extrusion bioprinting
offers the added benefit of facile design and fabric-
ation of curved channels with circular cross-sections
compared to soft lithographic techniques used to fab-
ricate microfluidic channels [38].

3.1.1.2. Sequestration within the ECM
Another method for directing sproutingmorphogen-
esis takes advantage of the native affinity between
angiogenic growth factors and ECM constituents,
such as proteoglycans, glycosaminoglycans (GAGs),
and proteins to achieve growth factor immobiliza-
tion and controlled release. One common method
uses heparin, a highly sulfated GAG composed
primarily of uronic acid and glucosamine disac-
charides that sequesters several growth factors in
the ECM largely through electrostatic interactions
[86]. Because heparin binding slows growth factor
release and degradation, HA-based hydrogels chem-
ically functionalized with heparin have enabled sus-
tained dual-release of VEGF and FGF, which demon-
strated an extended angiogenic response in vivo [86].
Sulfation-mediated growth factor sequestration by
heparin has been mimicked using sulfated bioma-
terials, such as uronic acid-containing alginate, to
achieve similarly controlled release of FGF [87]. Pro-
tein domains commonly found in the ECM, such
as the 12th–14th type three repeats of fibronectin
(FNIII12-14), have also been shown to bind a host
of growth factors, including PDGF, FGF, and VEGF,
without inhibiting activity [88]. This opens the
door to leveraging protein domains and protein-
based biomaterials for generalized growth factor

sequestration and release. Additionally, some ECM
protein domains bind growth factors with high affin-
ity and greater but still moderate specificity, such
as collagen with bone morphogenetic protein and
fibronectin with VEGF [74]. Many of the examples
mentioned use materials commonly employed for
bioprinting. Therefore, engineering biomaterial inks
to incorporate specific binding domains may provide
a more selective method of growth factor sequest-
ration than heparin-functionalized materials, which
bind to a wide array of growth factors and other
proteins.

3.1.1.3. Degradable microspheres
Controlled growth factor release has also been
achieved using degradablemicrospheres. This is espe-
cially relevant for growth factors that have a short
half-life such as PDGF, which has a half-life of 30 min
in circulating blood [89]. To prolong its bioactivity,
PDGF has been loaded into poly(lactic-co-glycolic
acid) (PLGA) microspheres, which formed a stable
concentration gradient as the PLGA microspheres
erode [77]. Additional methods for manipulating
growth factor release include loading growth factors
into microspheres exhibiting different degradation
rates to independently tune release kinetics, or using
microspheres that photothermally rupture at specific,
non-overlapping wavelengths [90]. These methods
have demonstrated the importance of temporal con-
trol for vascularization, where sequential delivery
of growth factors important for early (VEGF and
ANG-2) and late (ANG-1 and PDGF) angiogenesis
enhanced vascularization over simultaneous delivery
[91], presumably through more accurate mimicry
of native cues. These methods also allow for remote
and spatiotemporal control over local growth factor
concentrations known to influence sprouting and
vascularization, and can be modularly incorporated
into biomaterial inks.

3.1.1.4. Patterned immobilization and release
Growth factors can also be directly attached to
hydrogel scaffolds via chemical immobilization. For
example, PDGF and FGF have been simultaneously
tethered within 3D PEG hydrogels, which showed
synergistic enhancement of cell migration [89]. To
confer greater spatial control over where sprout-
ing occurs, photopatterning can be used to dir-
ect vascular morphogenesis with angiogenic growth
factors (figure 3(E)). In one study, VEGF was cova-
lently immobilized onto the surface of PEG gels in
defined micron-scale patterns using laser scanning
lithography. In this case, endothelial tubules formed
only in areas of patterned VEGF [92]. Interestingly,
not only can chemical immobilization enable spa-
tially controlled attachment of growth factors to
the ECM, but it can also allow for user-defined,
often photolytic release of tethered growth factors.
Many of these sophisticated approaches involve direct
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modification of biomaterials using more intricate
chemical methods but offer high returns in the
form of both spatial and temporal (termed ‘4D’)
control of patterning in 3D cultures through spe-
cific and reversible reactions. One such 4D approach
used sortase A, a bacterial-derived enzyme that
performs site-specific and reversible transpeptida-
tion at a defined sortase recognition sequence. This
enzymatic conjugation allowed for the installation of
bioorthogonal reactive handles capable of tethering
growth factors to appropriately modified biomater-
ials in 3D. Using this approach, tethered angiogenic
growth factors such as FGF and epidermal growth
factor (EGF) were released using multiphoton laser-
scanning lithography in a spatially controlled man-
ner, allowing for downstream signaling to encapsu-
lated cells [93]. Another reversible, photomediated
reaction involving thiol-ene bioconjugation of signal-
ing proteins to hydrogels allowed for sequential teth-
ering and release of multiple growth factors (such as
transforming growth factor, or TGF) with 3D con-
trol [94]. There is also potential for photocaged chem-
istry to be used for enzymatic and site-specific teth-
ering or release of growth factors within hydrogels
[95]. While these studies did not explicitly examine
vascular morphogenesis, they offer promising proof-
of-concept for the potential chemical modification of
biomaterial inks to form growth factor patterns that
facilitate endothelial sprouting.

3.1.1.5. Engineered growth factors
In addition to engineering material scaffolds that
bind and release growth factors, growth factors them-
selves can be engineered to have increased affin-
ity to the ECM and controlled release over time.
These ‘super affinity’ growth factors have been con-
structed by fusing a heparin-binding domain from
placenta growth factor (PGF-2123–144) that promiscu-
ously binds ECM constituents to VEGF and PDGF-
BB. The resulting pro-angiogenic growth factors
demonstrated enhanced affinity for the ECM and
induced greater tissue healing in a rat wound model
than their unaltered counterparts [96]. By flipping
the traditional, materials-focused protein delivery
paradigm, this approach highlights the methods
by which angiogenic growth factor signaling may
be precisely engineered in bioprinting-compatible
materials.

3.1.2. Oxygen gradients and hypoxia
Hypoxia is a potent biochemical cue that induces the
release of pro-angiogenic signals and other regulators
of vascularization through hypoxia-inducible factors
(HIFs) including HIF-1α and HIF-2α [97]. These
transcription factors target genes encoding growth
factors such as VEGF, PDGF, and PGF (section 3.1.1)
in addition tomatrixmetalloproteinases (MMPs) and
vascular endothelial (VE) cadherin (VE-cadherin),
altering their activity in hypoxic conditions and

ultimately resulting in increased angiogenic sprout-
ing. Various methods have been used to observe
how oxygen gradients influence EC migration, such
as microfluidic channels. One study using micro-
fluidic channels that allowed for control of gas
exchange found that hypoxic conditions reduced VE-
cadherin expression by ECs, disrupting these crucial
cell-cell contacts and facilitating cell migration for
vascular tube formation [98]. In addition to micro-
fluidic oxygen gradients, other work has used pro-
lyl hydroxylase inhibitors to induce hypoxia [97].
These inhibitors stabilize HIF complexes, thus chem-
ically inducing a hypoxic response by encapsulated
cells, and could be an avenue for further explora-
tion. Along these lines, a novel class of biomaterials—
hypoxia-inducible hydrogels—has been developed
with the purpose of introducing finely controlled
oxygen gradients within ECM-mimetic material sys-
tems [99]. These hypoxia-inducible hydrogels were
composed of gelatin and dextran polymer back-
bones cross-linked via a laccase-mediated reaction
that consumed oxygen and allowed the duration of
hypoxia to be controlled [100]. Using the laccase-
mediated crosslinkingwas found to upregulateMMP-
1 expression, which allowed matrix degradation-
mediated EPC cluster formation reminiscent of
vasculogenesis [101]. In contrast, biomimetic mater-
ials have been designed that release oxygen over time
[102]. Incorporating these materials and techniques
into bioprinted constructs could potentially enable
the spatiotemporal formation of oxygen gradients
along which directed sprouting morphogenesis could
occur.

3.1.3. 3D cell-adhesive ligand patterning
Themechanisms underlying EC sprouting and lumen
formation rely not only on growth factor signaling
and oxygen tension, but also on cell–matrix inter-
actions. What is more, cellular attachment to the
surrounding ECM is necessary for growth and motil-
ity of diverse cell types in both 2D and 3D con-
texts. Often mediated by integrin engagement, this
important cell–matrix interaction can be controlled
through the presentation of cell-adhesive ligands
within a biomaterial [103–105]. The biomaterials
community frequently leverages cell-adhesive ligand
concentration, location, and identity to guide cellu-
lar attachment and migration [106]. For example,
techniques have been used to photopattern three-
dimensional tracks of the RGD ligand within hydro-
gels, demonstrating the utility of this approach
for guiding cell migration within 3D biomaterials
[107, 108]. Beyond motility, other processes crucial
to sprouting morphogenesis are also guided by cell-
adhesive ligand engagement. For example, lumen
formation is an integrin-dependent process that pro-
gresses via intra- and inter-cellular endothelial vacu-
ole fusion [109]. While integrin engagement in gen-
eral is essential for lumen formation, the specific
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integrin requirements depend on the surrounding
matrix. Previous reports demonstrated that engage-
ment of α2β1 integrin was necessary in collagen
matrices [110], while αVβ3 and α5β1 engagement
was required in fibrin matrices [111]. In more
recent work, 3D HA hydrogels containing recombin-
ant fibronectin fragments that preferentially engaged
α3β1 and α5β1 integrins produced space-filling,
non-leaky microvascular networks, while hydrogels
that preferentially engaged αVβ3 produced networks
that were leaky and pathological [112]. Interest-
ingly, hydrogels containing RGD ligands without
a proline–histidine–serine–arginine–asparagine syn-
ergy domain developed similarly pathological net-
works. Further, α5β1 has been shown to modulate
endothelial response to ANG-1 through interaction
with the ANG-1 receptor Tie2 [113]. The context-
dependent role of integrins in endothelial sprouting
highlights a need for further exploration with bio-
materials that can precisely control cellular attach-
ment. Taken together, these findings underscore the
power of cell-adhesive ligands not asmere sites for cell
attachment, but as potent biochemical morphogens
that can be leveraged to shape sprouting morphogen-
esis. Thus, biomaterials—and biomaterial inks—with
precise control over cell adhesion could be important
in creating functional microvasculature.

Many of the materials and approaches discussed
above are made from precursors that have been pre-
viously printed via extrusion-based bioprinting or
could be used to modify existing biomaterial inks
(figure 3(G)). Integration of these ideas for controlled
biochemical signaling with extrusion-based bioprint-
ing could be a first step toward bridging the resolution
gap in biofabricated microvasculature.

3.2. Modulating sprouting using biophysical cues
During sprouting morphogenesis, the impact of bio-
chemical cues, such as growth factor signaling and
cell-adhesive ligand presentation, is tightly linked to
the biophysical context experienced bymigrating and
proliferating ECs. For example, the interplay between
matrix mechanical properties and cell-adhesive lig-
and identity has been shown to dictate the extent of
network formation on 2D substrates [114]. Similarly,
ECmechanosensing alters VEGF signaling in vascular
development [115]. Matrix mechanics have also been
implicated in vascular integrity in vivo [62], and ECs
have been shown to stiffen their surrounding matrix
during sprouting [116]. Biomaterials-based strategies
have been used to explore the role of myriad matrix
properties in EC sprouting in vitro. From this work,
three primarymaterial physical parameters have been
identified as regulators of vascularization, namely
matrix mechanics, its counterpart matrix density,
and matrix degradation. Knowledge about matrix
stiffness, density, and degradation may be leveraged
to induce and control sprouting morphogenesis in
bioprinted microvascular constructs.

3.2.1. Matrix mechanics
Previous work exploring the effect of 2D substrate
stiffness on EC network formation identified a clear
pattern, wherein compliant substrates generally pro-
moted better sprouting. 3D matrix mechanics, while
important to vascular development, have a some-
what more complex role in sprouting morphogen-
esis. Biomaterials and biofabrication strategies have
been employed to control the spatial patterning of
matrix mechanics in 3D culture to further elucid-
ate this relationship. Stereolithographic 3D print-
ing has been used to create PEG-based constructs
with patterned bulk mechanical stiffness by altering
the extent of photocrosslinking [117]. Similar res-
ults may be achieved with extrusion-based 3D print-
ing. For example, biomaterial inks possessing dif-
ferent mechanical properties can be simultaneously
deposited to pattern matrix mechanics. Alternatively,
post-fabrication methods can be used to spatiotem-
porally alter mechanical properties. In one example,
PEG-based hydrogels formed via thioester bonds
enabled the photouncaging of a catalyst that acceler-
ated the rate of material stress relaxation in the pres-
ence of mesenchymal stem cells (MSCs) [118]. This
could provide a non-degradativemeans to enable pat-
terned, cell-mediated matrix remodeling and high-
lights the kind of materials that are poised to impact
vascularization in the future. Recently, viscoelasticity
has been implicated as a driver of many cell responses
in 3D culture [119]. While some have recognized the
viscoelastic nature of natural biopolymers and begun
to explore the role of viscoelasticity in EC sprouting
[101, 120], this remains under-explored in the con-
text of vascularization.

3.2.2. Matrix density
Due to its biological relevance, many groups have
explored the density of fibrillar biopolymer-based
matrices, such as collagen, as a modulator of sprout-
ing morphogenesis. Results demonstrated that
reduced matrix density—to a point—is more per-
missive to EC proliferation and migration, leading
to more robust network formation. If density is too
low, however, the material cannot support network
formation [81, 121, 122]. Multimaterial printing can
leverage matrix density in two ways. First, using
sequential deposition of unique inks through dif-
ferent extruders, it is possible to pattern distinct bio-
materials with different matrix densities and mesh
sizes, similar to work using molded or cast hydro-
gels [81, 121, 122]. Second, altering matrix density
in 3D can be achieved through microfluidic mixing
of hydrogel precursors [123], which has been adap-
ted to extrusion-based printing using custom-build
microfluidic extruders [10, 124, 125]. Because matrix
stiffness and matrix density are tightly interrelated
and impact printability, post-printing approaches
have also been developed to independently tune mat-
rix stiffness and density, such as the non-enzymatic
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glycation of collagenmatrices [126]. Expanding upon
this idea, selective stiffening in 3D fibrin hydrogels has
been used to enable user-defined spatial patterning of
stiffness independent of matrix density within a pre-
formed hydrogel [127]. These techniques demon-
strate ways to pattern matrix stiffnesses and densities
relevant to endothelial sprouting that are compatible
with extrusion-based bioprinting.

3.2.3. Matrix degradation
The effects of matrix stiffness and density on sprout-
ing morphogenesis are closely linked to EC-mediated
proteolytic degradation of the surroundingECM.The
relationship between these matrix characteristics is
readily apparent in materials with sufficiently high
matrix density, wherein ECs struggle to degrade the
matrix enough to facilitate migration. As a result,
the migration of tip cells is slowed and the balance
between tip cell migration and stalk cell prolifera-
tion is disrupted [121]. This example demonstrates
how crucial protease expression and resultant mater-
ial degradation are for sprouting morphogenesis.
Meanwhile,matrixmechanics themselves are thought
to regulate the production of MMPs, and matrix
remodeling has been shown to control the mode of
EC migration in 3D [128]. For example, membrane
type 1 MMP (MT1-MMP) has been shown to be
required for lumen and tube formation in 3D col-
lagen matrices. Using MT1-MMP, ECs proteolytic-
ally carved out vascular guidance tunnels, quasi-2D
surfaces along which they could later migrate in an
MMP-independent manner [129]. Many synthetic
materials exist for controlling cell-mediated matrix
degradation in vitro [130]. Using these, methods have
been developed to pattern the degradation landscape
within 3D materials. For example, hydrogels formed
from an MMP-cleavable backbone have been made
selectively nondegradable by the patterned crosslink-
ing of a kinetic chain [131, 132]. This approach
allows the user to define areas that are permissive
to cell remodeling and areas that are not. Because
the signaling involved in sprouting morphogenesis is
so well understood, it provides an excellent applic-
ation of triggerable and smart biomaterials that can
be engineered to degrade in response to combina-
tions of environmental stimuli [133]. While relying
upon proteolytic degradation may mimic the nat-
ive mechanisms of sprouting morphogenesis, mater-
ials may be selectively degraded by other means,
such as photoablation or photolysis. These light-
based approaches are fast and allow for user-defined
patterning of otherwise cell-directed morphogenetic
processes [56, 134, 135].

Biophysical properties of the matrix are clearly
implicated in vascularization, and this relationship
is bidirectional. For example, sprouting morphogen-
esis has been shown to lead to local ECM stiff-
ening around neovessels in 3D fibrin gels [136].
Interestingly, different transient EC phenotypes have

differing contributions to this effect. Tip cells were
recently shown to be the primary contractile unit in
a sprout and cause mechanical deformations through
non-musclemyosin IIA-mediated contractility [137].
It will be important to account for not only the bio-
chemical but also the biophysical signaling landscape
experienced by ECswithin a bioprinted construct and
tune this to achieve the desired effect. Because unique
EC phenotypes and sources have similarly unique
influences over these signaling landscapes, the source
of ECs can play a major role in engineering sprout-
ing morphogenesis within bioprinted microvascular
constructs.

3.3. Accounting for EC heterogeneity
The functional capability and gene expression of
ECs used in this phase of sprouting morphogen-
esis, as well as initial endothelialization (section 2)
and later functional maturation (section 4), is cru-
cial for determining success. There is clear evidence
of temporal (as in angiogenesis, figures 3(A)–(C))
and tissue-specific phenotypic heterogeneity between
populations of ECs from vascular and developmental
biology [138, 139] and the mechanism for this het-
erogeneity is an active area of research [140, 141].
While EC phenotype is often overshadowed by
biofabrication technologies in the bioprinting com-
munity, it is of the utmost importance when using
biomaterials- and biofabrication-based approaches to
precisely engineer the endothelial niche and align it
to the endothelial source. Without this considera-
tion, efforts to induce important stages in microvas-
cular network formation that depend upon transient
EC phenotypes, such as stalk and tip cell specifica-
tion during sproutingmorphogenesis or the adoption
of a quiescent phalanx phenotype to promote mat-
uration, will be misguided. Recognizing this, stud-
ies have explored the response of different EC sub-
sets to microenvironmental cues. We can find some
hope in work comparing the response of different EC
populations to changes in substrate stiffness, wherein
diverse ECs followed similar, though broad, behavi-
oral trends in response to stiffness [142]. For example,
ECs of different types generally formed amore cohes-
ive monolayer on physiologically relevant stiffnesses
and exerted higher traction forces on stiffer surfaces
[143]. Despite this, it remains clear that different EC
types exhibit marked differences in gene expression
[143]. In one study of immortalized versus primary
murine cardiac ECs, it was found thatmany canonical
endothelial markers were downregulated in immor-
talized EC populations [144].

Much of our understanding of EC biology has
relied upon the use of human umbilical vein ECs
(HUVEC) due to the accessibility of primary tissue.
WhileHUVEC represent a reliable endothelialmodel,
it is important to consider how thoroughly this fetal,
immune-privileged cell source recapitulates the func-
tions under study [145, 146]. Work has been done to
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derive ECs from stem cell sources [147–150], thereby
providing a promising alternative cell population for
in vitro models of vascularization. While stem cell-
derived ECs come with their own set of challenges,
they expand the family of different ECs available for
in vitro studies [151–153]. For example, different pro-
genitor populations have been used that give rise to
not only ECs, but also mural cells such as pericytes
and vSMCs [154]. In one demonstration of this idea,
mesodermal progenitors incorporated within tumor
or neural spheroids gave rise to blood vessels that
were hierarchical and displayed appropriate mural
cell populations [155]. The development of stem cell-
derived ECs also allows for the use of tissue-specific
endothelial phenotypes that not only play crucial
roles in tissue development and regeneration in vivo
[156–159], but also exhibit different behaviors in vitro
[160].More work is necessary to fully characterize the
consequences of endothelial phenotypic heterogen-
eity for biofabricated microvasculature. Nonetheless,
the continued advancement of microvascular models
is an important endeavor for tissue engineering and
disease modeling. The responsibility lies with the fab-
ricator to match the cell source and microenviron-
mental cues accordingly.

4. Conditioning of biofabricated
microvasculature to promote maturation

Once a construct has been fabricated (section 2) and
a capillary-scale network has been formed through
sprouting (section 3), additional tissue condition-
ing will still be required to mature the nascent ves-
sels and create stable microvasculature. Without this
conditioning step, in vitro endothelial sprouts are
prone to regress over time [161]. Vascular matura-
tion, like endothelial sprouting, is regulated by the
interplay of a host of different biochemical and bio-
physical signals. To achieve truly mature microvas-
culature, in vivo drivers of vascular maturation, such
as different stromal cell types and external mech-
anical forces, must be incorporated into biofabric-
ated constructs with precise spatial control. Here, we
describe a variety of ways in which these stabiliz-
ing componentsmay be engineered into biofabricated
microvasculature. The approaches discussed are both
compatible with extrusion-based 3D bioprinting and
help actualize the final goal of our three-part frame-
work: engineering mature microvasculature with
biomimetic function. Specifically, we discuss the
addition of mural and other cell types to provide
crucial paracrine signaling and heterotypic cell con-
tact (figure 4(A)); sources of substrate heterogeneity,
focusing on biomaterial topography (figure 4(B));
and the application of external mechanical forces,
notably fluid shear stress, to condition engineered
microvasculature with an eye towards the contribu-
tion of each of these on vascular integrity and matur-
ation (figure 4(C)).

4.1. Co-culture systems to enhance microvascular
maturation
In native microvasculature, interactions between
endothelial and mural cells, including pericytes
and vSMCs, are important for regulating vascular
morphogenesis and function (figure 4(A)). Several
co-culture systems have been shown to stabilize emer-
gent vascular networks and improve construct func-
tion. This later resolution stage of vascularization
requires suppression of EC proliferation, stabiliza-
tion of newly formed vessels, and the deposition of
a basement membrane, all of which are critically
enhanced by mural cell recruitment (figure 3(C))
[162]. Due to the hierarchical diversity of vascu-
lature, relevant mural cell types differ along the vas-
cular tree. Thus, the specific mural cell type incor-
porated into a co-culture model can greatly influence
sprouting morphogenesis and resolution into a stable
network. For example, while MT1-MMP has been
shown to play a crucial role in EC network forma-
tion in collagen hydrogels [129], different proteolytic
mechanisms may be required for capillary formation
depending on the presence of either MSCs or fibro-
blasts [163]. Further, despite the generally enhancing
effect of stromal cells on EC-mediated network form-
ation, various populations of stromal cells have been
shown to differ in their angioinductive capabilities
[164]. Here, we describe several cell populations that
have been used to influence vascularization in vitro,
with the goal of incorporating multiple cell types into
bioprinted vascular constructs to improve network
formation and stability.

4.1.1. Pericytes and pericyte-like cells
Pericytes are the primary mural cell in microcircula-
tion and are crucial to both thematuration andmain-
tenance of microvascular function [165]. As such,
pericytes or pericyte-like cells may be incorporated
into in vitromodels of vascularization to bettermimic
native microvasculature. Because of the importance
of pericytes for vascularization, attempts have been
made to create better-defined pericyte populations
[166], but debate continues to surround both their
post-natal origin and the scope of their functions
in vivo. Pericytes are commonly identified through a
combination of: (a) the expression of gene products
such as PDGF receptor beta, neural-glial antigen
2 (also called chondroitin sulfate proteoglycan, or
cspg4), and alpha smooth muscle actin; (b) mor-
phology characterized by the extension of primary,
and perpendicular secondary, cytoplasmic processes
along the outer surface of EC tubes; and (c) a unique
location embedded within the vascular basement
membrane [167]. Pericytes, in concert with ECs,
are important for neovessel stabilization by inhib-
iting both further tubulogenesis and tubule regres-
sion [168]. Beyond active sprouting morphogen-
esis, pericytes have been shown to directly influence
the permeability and diameter of established vessels
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Figure 4. Conditioning microvascular constructs to promote stability and maturation. Several methods exist for conditioning
microvascular networks, including: (A) the use of co-culture systems that mirror the heterotypic cell–cell signaling inherent
within the vascular niche, (B) heterogeneous substrate cues, and (C) the use of fluid flow to mechanically condition the network.
Topographic patterns are one aspect of substrate heterogeneity that can be fabricated through a variety of methods (D)–(F).
(D) Soft lithography can be used to make simple gratings, hierarchical gratings, convex microlenses, concave microlenses, pillars,
and holes at the micro- and nanoscale. (E) Electrospinning can create nanofibers aligned parallel or perpendicular to the seeded
cells, or not aligned at all. (F) Based on print resolution, the printed construct can contain grooves and surface features that
influence cell alignment, migration, and adhesion similarly to the patterns formed in (D) and (E).

[169, 170]. The interaction between ECs and peri-
cytes is bidirectional, with recent reports demonstrat-
ing that ECs have a significant impact on pericytes,
influencing transcriptional and behavioral changes
that, in turn, alter EC function [171]. The inclusion of
pericytes within engineeredmicrovascular constructs
has several advantages, including the promotion of
endothelial sprout formation and stabilization. In
these co-culture systems, pericytes and ECs are often
both distributed randomly throughout the hydrogel,
and vasculogenic mechanisms are leveraged to form
microvascular networks [172]. This is quite straight-
forward from a biofabrication standpoint andmimics
the co-recruitment of ECs and pericytes seen in native
vascular biology. What is more, a similar co-culture

could be readily recapitulated using extrusion-based
3D bioprinting by co-printing ECs and pericytes in
the same or separate bioinks. Because multimaterial
bioprinting with cell-containing inks remains under-
explored, this would represent important progress in
the field.

A number of pericyte-like cells have been reported
to improve angiogenesis in vitro, includingMSCs and
adipose-derived stromal cells (ASCs) [173–175]. Sim-
ilar to pericytes, ASCs andMSCs influence EC sprout-
ing and microvascular function through both parac-
rine signaling and direct cell–cell contacts [176–179].
Despite uncertainty surrounding the definitive iden-
tification of pericytes and their relationship to MSCs
and ASCs, it is clear that pericytes and pericyte-like
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cells can play a powerful role in promoting vesselmat-
uration and subsequent function.

4.1.2. Vascular smooth muscle cells (vSMCs)
Within pre-capillary arterioles and post-capillary
venules, the endothelial basement membrane is sur-
rounded by concentrically arranged vSMCs. This
close association allows for bidirectional crosstalk
between ECs and vSMCs that has been shown to aid
vessel function [180, 181]. EC–vSMC paracrine sig-
naling underlies healthy vascular function, and mod-
els of arterioles and venules often leverage this innate
signaling through co-culture to promote in vitro func-
tion [182]. Biofabrication techniques can be used to
directly mirror the unique arrangement of vSMC and
endothelial compartments within the vessel wall. For
example, coaxial extrusion systems, previously dis-
cussed for hollow channel formation (section 2.1.3),
have been used to directly print a shell of vSMC-
containing biomaterial ink within which ECs may
be seeded [52, 55]. But vSMCs do not only respond
to paracrine signals. Like ECs, vSMCs are mechano-
sensitive and respond to matrix stiffness through
TGF-β [183]. Interestingly, TGF-β is also a primary
player in vSMC to EC paracrine signaling in low shear
stress conditions [181], highlighting both the potency
of vSMCs as function-promoting mural cells and the
necessity to carefully tune the vSMCniche in bioprin-
ted microvasculature.

4.1.3. Fibroblasts
In native vasculature, fibroblasts reside within the
adventitia or outer layer of larger diameter ves-
sel walls. Interestingly, there has long been a link
between vascular cell populations and adipose tis-
sue, with many positing that adipocyte progenit-
ors (APs) responsible for the expansion of adipo-
cyte populations were derived from one of the sev-
eral cell types present in the vascular wall. Recent
work has shed light on this, identifying adventi-
tial and capsular fibroblasts as the predominant APs
in vivo [184].While intriguing, this raises unanswered
questions about the role of fibroblasts, often con-
sidered a robust and multifunctional cell type, in
vascular biology. Many models exist that allow
for these new questions to be explored in a vari-
ety of 3D culture platforms [161, 185, 186] that
are complementary to extrusion-based bioprinting
[30].

4.1.4. Tissue-specific cells
While many of the previous examples focused on
the creation of generalized models of microvascu-
lature, the true goal of tissue engineering is to create
the functional units of a specific tissue, on demand.
Given the inherent heterogeneity of ECs with respect
to physiological location and time (section 3.3), and
the myriad tissue-specific cell types with which they
interact, the creation of functional and tissue-specific

vasculature will require studying the interactions
between ECs and the cells of that tissue. This has
recently become an area of great interest with the
development of more physiologically relevant organ-
otypic culture platforms such as microphysiological
systems and organoids. For example, one unique
niche that necessitates co-culture for accurate in vitro
modeling is the neurovascular unit. This vascular
niche exhibits precise spatial coordination of sol-
uble and physical heterotypic cell–cell interactions
and uses these to dictate the permeability of the
blood–brain barrier (BBB) [169, 187]. Because of
the need for models that elucidate neurological dis-
eases, and the importance of brain vasculature and
the BBB to neurological health and treatment of dis-
ease, there has been growing interest in finely charac-
terizing markers for and the localization of vascular
cells in the brain [188, 189].What ismore, co-cultures
of ECs and neural cell types have been explored
as models of neurological development and disease
[190–192]. The function of skeletal muscle is also
closely tied to vascular function and is a co-culture
system ripe for exploration. In one study, ECs seeded
along the lumen of a microchannel were cultured in
soluble contact with myofibers of C2C12 myoblasts.
In response to optically triggeredmuscle training, ECs
exhibited enhanced sprouting toward the myofibers
while reciprocally enhancing myogenesis [193]. This
innate linkage between vascular and tissue function
is also exhibited in the lungs. While tissue-specific
pulmonary capillary ECs have been shown to guide
lung alveolarization [156], pulmonary pericytes have
also been shown to impact postnatal lung morpho-
genesis [194]. These examples highlight the tissue-
specific heterogeneity of both ECs and pericytes
[195]. With greater ability to engineer more com-
plexity into bioprinted constructs, it becomes increas-
ingly possible to generate tissue-specific vasculature
in vitro.

4.2. Material topography and bioprinting features
One form of substrate heterogeneity, material topo-
graphy (figure 4(B)) is tightly linked to one of the
most important markers of vascular health, vessel
barrier function [196]. While controlling and fine-
tuning material topography can incidentally alter
matrix mechanical cues (such as those discussed
in section 3.2), there exists an explicit connection
between surface topography and EC function. This
link originates from the native basement membrane
[197], where the presence of micro- and nano-scale
features on sub-endothelial surfaces has been found
to influence a range of EC behaviors, including
morphology, adhesion, migration, proliferation, and
alignment [197]. In the context of vascular function,
vessel integrity is compromised under conditions of
highly variable topography via disruption of EC–EC
adherens junctions [198]. Meanwhile, more ordered
topographical features, such as aligned material
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fibers, enhance monolayer integrity by promoting EC
alignment and formation of cell–cell contacts [199].
Crucially, surface topography enhances endothelial
response to lateral shear stress from fluid flow [200]
(discussed in section 4.3, below), andmay play amore
influential role in vascularization than certain bio-
chemical cues previously found to direct EC motility
[201] (discussed in section 3.1).

4.2.1. Lithographic patterning
Lithographic biofabrication techniques have been
used to create a variety of micro- and nano-patterned
2D surface topographies that have shown profound
effects on vessel barrier function. In particular, soft
lithography has been used to generate at least five
different classes of topographies on polydimethyl-
siloxane (PDMS) chips, including gratings (micro-
and nanoscale), hierarchical gratings, microlenses,
pillars, and holes (figure 4(D)) [202]. Lithography
has also been used to control the width of grooves or
ridges in the formed patterns, down to the 100 nm
scale [203]. To achieve even finer surface features at
the 10 nm scale, sputter coating and acetone etch-
ing of polystyrene sheet molds has been used to
create random and anisotropic nanoscale grooves
on PDMS [204]. These different patterning tech-
niques affect EC behavior [205], gene expression
[203], focal adhesion formation, and actin polymer-
ization [206]—all important aspects of vessel bar-
rier function. What is more, specific topographic
classes have been shown to elicit different pheno-
typic and functional responses from unique EC types.
For example, a subtype of hierarchical gratings was
shown to skew progenitor cells towards an arterial
phenotype and function [202]. Meanwhile, gratings
of nano-grooves on silicon wafers with a 400 nm
pitch disrupted expression of cell cycle and ECM pro-
teins in HUVEC compared to surfaces with longer
pitched grooves [203]. Further, embryonic stem cell-
derived ECs have been shown to robustly align on
anisotropic nanoscale grooves, but not on random
topographies [204]. Taken together, these examples
provide powerful evidence that user-defined 2D topo-
graphy alone can bias engineered vessels toward a
desired phenotype.

4.2.2. Electrospun fiber alignment
Manipulating material topography and alignment in
a 2D or quasi-3D context is possible through electro-
spinning (figure 4(E)). Nanoscale features of fibrous
electrospun materials have been shown to influence
proper function of vascular constructs by directing
EC behavior and phenotype. For example, electro-
spun elastin-like protein fabrics with tunable fiber
width showed that variable topography disrupted
VE-cadherin-based cell–cell contacts and activated
EC migration and proliferation [198]. In addition
to impacting vascular integrity, this highlights that
biomimetic surface topography may modulate the

balance between the quiescent phalanx EC pheno-
type seen in stable vessels and the activated (tip and
stalk) phenotypes involved in sprouting and migra-
tion. Moreover, HUVEC seeded on electrospun fibers
showed directional migration along VEGF gradients
parallel to fiber alignment, but not alongVEGF gradi-
ents that ran perpendicular to the fibers, suggesting
that topographically induced signals for EC migra-
tion can override chemotactic gradients [201]. Fiber
alignmentmay also enhance the effect of conditioning
cues, such as fluid shear stress, and has been shown
to promote greater vessel formation than unaligned
substrates [199].

4.2.3. Bioprinting features
While not often discussed, extrusion-based 3D print-
ing can generate topographical features similar to
those introduced by electrospinning and lithographic
approaches (figure 4(F)). These features are most
apparent on exposed surfaces and result from the
physical realities of layer-by-layer deposition with
a finite layer height. As such, they are impacted
by printing parameters including print speed, ver-
tical and lateral resolution of the printer, size of the
printing nozzle, layer height, and properties of the
extruded material, to name a few [207–209]. Inter-
estingly, while the effect of print parameters on ver-
tical resolution, surface smoothness, and build time
of 3D printed, thermoplastic constructs has been ana-
lyzed [208–210], their effect on bioprinted constructs
has been largely overlooked. Given the abundance of
literature implicating surface topography in altered
vascular integrity, the topographical features intro-
duced during printing should be considered when
optimizing the function of 3D bioprinted microvas-
culature. What is more, printed layer properties par-
ticularly pertain to inducing vascular morphogen-
esis, as incomplete fusion between printed layers
and filaments may generate spaces or voids into
which ECs can infiltrate, adhere, and grow. How
this phenomenon relates to EC–EC communication,
monolayer formation, barrier integrity, and growth
requires further study and consideration.

4.3. Construct conditioning via fluid flow
Hemodynamic forces play an essential role in
shaping native vascular development and func-
tion (figure 4(C)) [211–214]. The same holds true
in vitro, where models of vascularization have
helped to characterize EC mechanotransduction
in response to fluid shear stress [215, 216], hydro-
static pressure [217], interstitial flow [218], and cyc-
lic stretch [219]. Cyclic stretch, for example, has
been shown to alter autocrine and paracrine sig-
naling between ECs and surrounding mural cells,
such as vSMCs [220]. This finding highlights the
immense crosstalk that occurs between microenvir-
onmental signals—such as hemodynamics, matrix
cues, and soluble biochemical signals—in driving EC
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behaviors. In general, interstitial flow and hemody-
namic pressure are reported to improve sprouting
angiogenesis [217, 218], while fluid shear stress is
reported to assist with maturation of nascent tubes
[215, 216, 218].

4.3.1. Shear stress
Of the mechanical forces exerted on the endothe-
lium as a result of blood circulation, wall shear stress
has been the most widely explored. The process of
EC mechanosensing in response to shear stress fur-
ther emphasizes the crosstalk that exists between
different signals discussed thus far. For example,
while integrins are crucial for vessel endothelial-
ization (section 2.2) and sprouting morphogenesis
(section 3.1.3), they also play a large role in EC
response to shear stress [221]. Specifically, expos-
ure of ECs to athero-prone flow was demonstrated
to activate the integrin subunit α5 by translocation
to membrane lipid rafts, which is implicated in the
EC dysfunction thought to promote atherosclero-
sis. Meanwhile, knockdown of integrin α5 has been
shown to partiallymitigate this EC dysfunction [222].
Upstream of integrin signaling, platelet EC adhe-
sion molecule-1, VE-cadherin, and VEGF receptor 2
have been shown to form a mechanosensory com-
plex thought to initiate EC response to shear stress
[223]. Beyond ECs in monoculture, fluid flow has
been demonstrated to have a drastic effect on the
functional outcomes of both vascular networks and
tissue-specific cell types within more complex organ-
otypic models. For example, kidney organoids cul-
tured under flow conditions not only developed per-
fusable, mural cell-lined vascular networks, but also
displayed enhanced kidney organoid development
and maturation [224]. Fluid flow also promoted ves-
sel stabilization and was shown to markedly enhance
vascular barrier function in vitro [225].

The specific effect of shear stress on ECs depends
highly on both the developmental and anatomical
context. In development, low shear stress promotes
sprouting angiogenesis from newly established ves-
sels to induce vascular plexus formation and sub-
sequent vascular remodeling. The vascular network
formed through this process allows increased tissue
perfusion and experiences similarly increased shear
stress, which promotes EC quiescence [211, 212]. But
the story in adulthood, as told by in vitro models, is
somewhat more nuanced. For example, microfluidic
devices have been used to explore the role of both
fluid shear stress along the endothelium and intersti-
tial flow across it in either promoting or suppressing
vascular sprouting. In line with reports from vas-
cular development, these in vitro models demon-
strated that high shear stress suppresses sprout forma-
tion in a nitric oxide (NO)-dependent manner, while
interstitial flow promoted sprouting [218]. Con-
tradictory reports, however, identified a somewhat
higher threshold for both tangential shear stress and

interstitial flow that consistently promoted sprout-
ing through MMP-1. This work went a step fur-
ther, combining complex, microfluidic culture geo-
metries with finite element modeling to predict shear
stress and, in keeping with their own findings, pattern
sprouting [226].

4.3.2. Recreating biomimetic fluid flow paradigms
with bioprinting
While tuning flow-induced shear stress has gener-
ally been shown to enhance vascularization [224,
227] and vascular integrity [225], more work must
be done to elucidate the role of specific fluid flow
paradigms on the endothelium. 3D bioprinting may
be a promising tool for facilitating these endeavors,
by providing a unique way to probe the effects
of altered hemodynamics due to changes in vascu-
lar structure [228, 229], such as curvatures [38] or
bifurcations [216, 230, 231], on endothelial health
and disease progression [232]. In addition to being
correlated with disease, different flow paradigms have
also been used to promote arterial or venous EC spe-
cification, particularly for maturation of stem cell-
derived ECs. Building on previous studies, micro-
fluidic devices and flow bioreactors have been used to
further demonstrate that high shear stress, in addition
to promoting a more quiescent, anti-inflammatory
EC phenotype, suppresses venous specification in
favor of an arterial phenotype [233, 234]. Similar
applications, and more, may be explored through
bioprinting. Cardiovascular medicine is beginning to
integrate 3D printing of traditional materials, such as
thermoplastics, into the creation of patient-specific
vascular models. These 3D printed models can be
used for patient education, training for surgery, and
in vitro validation of computational fluid dynamics
simulations that study the effect of hemodynamics on
patient outcomes [235].

In addition to apical hemodynamic forces, ECs
actively sense and respond to basal signals from the
basement membrane, such as the topographical fea-
tures described above (section 4.2). This leads to
a complex interplay of signaling that dictates EC
behaviors. Advanced biofabrication and biomateri-
als strategies have been employed to simultaneously
investigate the effects of combinatorial microenvir-
onmental cues on vascular function, such as the
response of ECs to shear stress on soft versus stiff
substrates [236], to shear stress and interstitial flow
[218], or fluid flow and substrate topography [237].
Interestingly, despite the powerful role of fluid flow in
vascular development and homeostasis, reports have
demonstrated that topographical cues from the base-
ment membrane can dampen the pro-inflammatory
effect of disturbed flow [237]. This provides insights
into how ECs rapidly integrate and respond to such
a vast array of microenvironmental cues, and further
highlights the need for biomimetic, bioprinted cul-
ture platforms that can deliver these crucial signals.
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4.4. Future requirements for clinical translation of
engineered microvasculature
The description herein is by no means an exhaust-
ive coverage of the requirements for producing func-
tional microvasculature for potential clinical transla-
tion, and some key requirements for translation have
been under-explored to date. For example, one major
barrier to clinical translation is the pre-implantation
shelf-life of a bioprinted and conditioned microvas-
cular construct. To investigate shelf-life, a recent
study used alginate-based microgels as a bioink to
print complex shapes. The microgels could be cryo-
preserved and, upon thawing, hMSCs encapsulated
within maintained activity [238]. Similar types of
strategies should be evaluated for their potential feas-
ibility with microvascular biofabrication. Anastom-
osis, or fusion of implanted and host vasculature, is
also required for successful translation. Recently, the
maturity of pre-vascularized implants was shown to
have a dramatic effect on this graft-host anastomosis.
In that work, microvascular network maturity cor-
related with in vitro culture duration, and implant-
ation of more mature networks markedly increased
host vessel invasion, reduced blood clot accumu-
lation, and maintained a proangiogenic secretome
[185]. This finding highlights the importance of not
only pre-implant maturation, but also blood–EC
interactions and thrombogenicity as driving eventual
clinical success or failure. As such, hemocompatibil-
ity is also a crucial design consideration for engin-
eered microvasculature, but is overlooked in many
bioprinting applications.

In the body, the endothelium interacts with a
diverse range of circulating blood and immune cells
and serves as the gatekeeper to tissues. Throm-
bosis mediated by platelet activation, in particu-
lar, has historically been a key mode of vascular
graft failure. Recent work demonstrated a simple
way to improve the hemocompatibility and func-
tion of engineered microvessels using platelet-rich
plasma. Specifically, the work showed that treatment
of engineered microvascular networks with platelet-
rich plasma improved vascular barrier function and
reduced thrombogenicity in 24 h [239]. Another
important interaction that could determine the clin-
ical efficacy of bioprinted vessels is the interaction
of the fabricated endothelium and circulating leuko-
cytes. Indeed, inflammation is tightly linked to in vivo
angiogenesis and atherosclerosis [76], and work has
characterized the role of different macrophage phen-
otypes in vascularization [240]. Moreover, building
on mounting evidence for the role of T cell sub-
sets in contributing to the chronic inflammation
that underlies atherosclerosis (recently reviewed here
[241]), regulatory T cells have been demonstrated
to play a role in the regression of atherosclerosis
[242]. While this list of considerations may seem
daunting, the fields of biomaterials and 3D bioprint-
ing already possess many promising tools to begin

creating more functional, biomimetic microvascu-
lature in vitro,which will undoubtedly speed the pro-
gress towards future clinical translation.

5. Conclusion

Though there have beenmany advancements in tissue
engineering and biofabrication, no one comprehens-
ive strategy has emerged to solve the complex prob-
lem of creating functional, vascularized volumetric
tissue replacements. As such, the creation of func-
tional multiscale vasculature remains a key challenge
in tissue engineering. Technologies exist that address
incomplete portions of the vascularization prob-
lem. For example, extrusion-based 3D bioprinting is
uniquely capable of fabricating complex, perfusable
network structures on a larger scale, but inherently
struggles with creating capillary-scale features.Mean-
while, innate EC biology can be harnessed through
biomaterials and biofabrication-based approaches to
induce sprouting from EC-lined, bioprinted vessels,
but struggles to integrate these features with larger-
diameter vessels. Further, bioprinting makes it pos-
sible to co-encapsulate stromal cells, to introduce EC-
instructive surface topography, and to apply fluid
flow that each provide signals important for vessel
maturation and stability. In the future, we envision
that these disparate strategies can be unified to har-
ness the unique strengths of each. Only through a
multifaceted approach will it be possible to bridge
the gap between the constraints of current tissue cul-
ture and the lofty goal of functionally engineered
vasculature.
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