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Abstract

Large bone defect regeneration has always been recognized as a challenging clinical problem due to the difficulty of revascu-
larization. Conventional treatments exhibit certain inherent disadvantages (e.g., secondary injury, immunization, and potential
infections). However, three-dimensional (3D) printing technology as an emerging field can serve as an effective approach to
achieve satisfactory revascularization while making up for the above limitations. A wide variety of methods can be used to
facilitate blood supply during the design of a 3D-printed scaffold. Importantly, the scaffold structure lays a foundation for
the entire printing object; any method to promote angiogenesis can be effective only if it is based on well-designed scaffolds.
In this review, different designs related to angiogenesis are summarized by collecting the literature from recent years. The
3D-printed scaffolds are classified into four major categories and discussed in detail, from elementary porous scaffolds to
the most advanced bone-like scaffolds. Finally, structural design suggestions to achieve rapid angiogenesis are proposed by
analyzing the above architectures. This review can provide a reference for organizations or individual academics to achieve
improved bone defect repair and regeneration using 3D printing.

3D Printed Osteogenic Scaffolds
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Introduction

Bone defects imply damage to the integrity of the bone
structure [1]. Such defects should be treated by surgical inter-
vention, especially when the size of the defect exceeds the
limit of the body’s self-repair ability [2, 3]. The major aim
is to avoid physical or psychological harm to patients [4, 5].
Autografts have been considered as the clinical gold stan-
dard for healing the above bone defects, which are capable
of preserving natural blood vessels and nerve fibers around
the donor tissue [6]. Thus, the bone graft can be integrated
into the recipient area and achieve repair in a relatively short
period [7]. Autologous transplantation, however, has shown
numerous disadvantages, e.g., secondary injuries, limited
donor tissue, and sequelac of donor site removal [8—10].
Meanwhile, synthetic materials have become increasingly
common in clinical practice over the past few years [11]. Tra-
ditional grafts are dominated by non-degradable metals and
ceramic scaffolds [12]. They are sufficiently dense and strong
to replace bone in the body for extended periods; however,
these materials and casting methods lack osteoconductiv-
ity, hence they fail to achieve well-organized regeneration
in defective areas. Besides, inadequate self-tissue and blood
supply can cause complications (e.g., infection and ischemic
necrosis) after transplantation.

Bone, a type of highly vascularized tissue, cannot com-
plete its regeneration process without blood supply [13-15].
The repair of the fracture is initiated by blood vessels, blood
cells, and relevant substances (Fig. 1) [16]. Moreover, the
blood supply at the site of a bone defect has a direct effect
on the healing status. For instance, the vascular distribu-
tion of the femoral neck causes femoral neck fractures to
be highly susceptible to ischemic necrosis of the femoral
head, and tibial stem fractures with less surface soft tissue
coverage are prone to delayed healing. It is well known that
cells are dependent on capillaries for survival in the human
body. Oxygen and nutrients in capillaries can only diffuse
as far as 200 pwm under physiological conditions [6, 17-19].
Thus, capillaries are widely distributed to ensure the nor-
mal functioning of all cells. As a result, the lack of blood
supply and circulation to the graft will lead to its failure of
integration, internal graft necrosis, among other problems,
causing exacerbated harm to the host [20-22]. The inter-
nal blood supply of large implants required for large bone
defects is commonly difficult or impossible to establish in a
timely manner using conventional materials and techniques
[23-25].

Grafts made by three-dimensional (3D) printing tech-
nology are currently expected to replace traditional grafts
[26]. The 3D-printed scaffolds, formed by different raw
materials and fine structures, are capable of minimizing com-
plications arising from insufficient blood supply [27, 28].
Furthermore, grafts are endowed with an individualized and
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specific shape, which can be more extensively employed
in bone defects all over the body [2, 29]. As revealed by
the above analysis, rapid vascularization has critical sig-
nificance for grafts to achieve integration and osteogenesis
[29-31]. Moreover, the rapidly developing 3D printing tech-
nique provides several ideal solutions for the angiogenesis
problem, such as pre-vascularization, component modifica-
tion, and design modification [1, 32]. The first two methods
possess special advantages. The transplantation of a pre-
vascularized scaffold with an autologous vascular bundle
is more of a compromise for the autograft [33-35]. It does
have the facility for quick perfusion; however, direct suturing
between vascular bundles may cause several complications
(e.g., thrombosis and stenosis) [36, 37]. In addition, there
are pre-vascularization methods in which the scaffolds are
first incubated on highly vascularized soft tissue to form a
microvascular network before being grafted to the defect
site [38, 39], although these methods are also burdened
(e.g., secondary damage) [40, 41]. At the moment, scaffold
angiogenesis is being investigated through component mod-
ification (e.g., altering the scaffold material and adding vital
angiogenic factors) [42, 43]. The addition of growth fac-
tors, including vascular endothelial growth factor (VEGF),
platelet-derived growth factor (PDGF), and fibroblast growth
factor 2 (FGF2), has been the most extensively used tech-
nique [44—47]. While the above biomolecules show excellent
angiogenic capabilities, they have some disadvantages, such
as complex loading patterns, potential immune response, and
difficult concentration control [48, 49]. The incorporation
of exosomes into the scaffolds as a component modifica-
tion is another direction at the forefront of related research
[43, 50]. In comparison with directly added growth factors,
exosomes work better and have fewer side effects [51]. Scaf-
folds with exosomes are still being investigated, in which
exosomes are responsible for the main mechanism of action;
therefore, such scaffolds are not discussed in much detail in
this review.

It is common practice to use several of the above pre-
angiogenic methods in combination, where the scaffold is
the foundation of the entire 3D-printed bone graft, and other
components form the superstructure. The effectiveness of
any method in promoting vascularization can be maximized
when the scaffold structure is carefully designed. Hence, this
review provides cutting-edge results on 3D-printed bone tis-
sue covering the past few years of literature while assessing
the currently available scaffold structure designs to achieve
rapid vascularization. The following is a summary of a range
of structures from basic forms to complex bone-like con-
structs. The most basic porous scaffolds are described by
certain parameters (e.g., aperture size, shape, and distri-
bution). Furthermore, there are innovative scaffolds with
sub-regional, tubular, and bone-like scaffolds. This review
analyzes and summarizes the common scaffold structure
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Fig. 1 Schematic diagram of femoral fracture repair period (reproduced from Park et al. [20], Copyright 2021, with permission from the authors)

designs that can facilitate angiogenesis, which can be con-
ducive to the design of osteogenic grafts that have higher
compatibility with the physiological characteristics of the
human body in the future.

Porous scaffolds

In most of the existing studies on 3D-printed bone grafts,
the scaffold design is the simplest mesh shape, which pro-
motes highlighting the role of different materials of scaffolds
or different added substances on osteogenesis and vascular-
ization in experimental investigations. Even for the simplest
structure, there are differences, and various parameters (e.g.,
porosity, pore size, shape, and connectivity between pores)
are adjustable in the porous scaffold to facilitate blood vessel
growth [52, 53].

Pore size

The internal and external structural morphology of grafts
can be precisely controlled by 3D printing [54, 55]. Pores
exhibiting similar structures are grouped together to form a
porous scaffold, and the respective pores are interconnected
with another type to create a complex internal space that
promotes cell migration and growth, enhancing circulation
integration and fluid exchange [56].

When the pore size is approximately 100 pm, the cells are
capable of crawling into the pore and generating bone tissue

[57]. However, this is insufficient to support vascular inva-
sion. It has been generally accepted that the pore size should
be at least greater than 300 pm to form a normal capillary
structure [52, 58, 59]. Even though pre-vascular cells can
grow in small-sized pores (100-200 pm), their inability to
form a luminal structure capable of transporting oxygen and
nutrients results in a relatively hypoxic environment within
the pore [60]. This stimulates the formation of more matrix
deposits by bone mesenchymal stem cells (BMSCs), such
as glycosaminoglycan and collaged type II, while it facili-
tates the differentiation of BMSC to chondrocytes [61, 62].
In addition, the hypoxic environment and the small holes
present will be conducive to the reproduction of bacteria,
resulting in infections [63].

In contrast, the capillary branches of external blood ves-
sels can penetrate and communicate with the interior of the
graft due to their large size, thus playing a role in the blood
circulation of the host, ensuring the smooth diffusion of nutri-
ents and oxygen, and directly inducing cellular osteogenesis
[64]. Moreover, the larger internal space encourages new cap-
illaries to mature and blood vessels to form with complete
function and structure [65]. It is therefore concluded that
the larger the pore size, the better the blood vessel growth.
Meanwhile, pore size has an upper limit for the promotion of
angiogenesis. Also, cells recognize the surface of the fibrous
scaffold as a planar substrate instead of a 3D porous structure,
thereby the advantage of the scaffold is lost [66]. Accord-
ingly, the recommended pore size setting should be between
500 and 1200 pm.
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Pore shape

A larger pore size facilitates angiogenesis while decreasing
the mechanical properties of the scaffold [67-69]. Therefore,
the mechanical properties of an osteogenic scaffold should
be maintained while pursuing large pore sizes to promote
blood vessel growth. One of the suitable methods is to change
the pore shape and stacking method. The various stacking
methods for the shape change of the pores in the porous
scaffold of the repeating unit structure are very similar.
Besides the conventional architecture, planar structures
(e.g., triangles and hexagons) and stereo structures (e.g., octa-
hedrons and topologies) are also employed in the scaffolds
[70, 71]. The pore geometry is capable of influencing the
growth and adhesion of cells [72]. A larger curvature can
boost cells to grow faster; hence, porous scaffolds with sharp
triangles are more conducive to tissue invasion and formation
[73]. Nonetheless, with larger curvature, the pores become
narrower and tissue infestation becomes harder (Fig. 2a) [74].
In comparison with other shapes, the hexagonal shape can
transfer stresses more uniformly across the scaffold, simi-
lar to a circle (Fig. 2b) [75]. Thus, hexagons exhibit high
fatigue resistance and compressive strength [76]. The above
two properties play a vital role in grafts replacing bone
tissue to perform their function [77]. Octahedron, as a stereo-
structure, has stronger resistance to pressure (Fig. 2¢) [78].
Moreover, the topological stereo-structure is found to sig-
nificantly increase the biodegradation rate of the scaffold
(Fig. 2d) [79, 80]. This finding may be correlated with the
high level of interconnectivity, thus enhancing the permeabil-
ity and the velocity [81, 82]. The circulation of body fluids in
the scaffold is accelerated, which facilitates internal access to
oxygen and nutrients and also stimulates vascular maturation
[83]. Each pore shape has its own advantages, and this review
is only a brief compilation of their main features; researchers
should select the right shape in accordance with their needs.

Pore distribution

As discussed above regarding pore size, different sizes per-
form different functions. The gradient density scaffold takes
advantage of this fact based on the different requirements for
vessel growth, in which pores of different sizes are arranged
in a regular pattern on the scaffold. Scaffolds with a top-to-
bottom density gradient have been largely utilized in graft
designs where cartilage and bone are regenerated simulta-
neously (Fig. 3a) [64, 84, 85]. The high-density upper layer
forms a hypoxic environment promoting cellular cartilage
differentiation, while the sparse lower layer generates nor-
mal bone tissue with blood vessels that provide support and
nourishment [86]. The underlying vasculature has critical
significance for the regeneration and repair of cartilage tis-
sue [87].
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Scaffolds showing a gradient density difference between
the inside and the outside significantly contribute to tis-
sue regeneration (Fig. 3b). It has been demonstrated by
experiments that dense and lax exteriors are beneficial for
scaffold-host integration [82]. In addition, gradient density
scaffolds are more resilient [88]. In comparison with constant
scaffolds, the dense interior facilitates faster inward invasion
of the tissue instead of too early maturation at the periphery.
Before considering vascular maturation, the infiltration of
the vascular system for the scaffold should be ensured first to
avoid central necrosis. Both the number of vessels and their
maturity are vital factors in this regard [89]. A larger external
pore size allows the base section of vessels to begin to mature
first, ensuring the normal function of the vascular system and
avoiding the possibility of blood vessels breaking and leak-
ing at a later stage. Moreover, the density gradient leads to a
flow rate gap in the scaffold. Faster external flow rates enable
internal metabolic waste to leave more quickly and nutrients
to enter more rapidly, which explains why gradient density
scaffolds can inoculate cells more uniformly [90, 91].

In general, the porous structure achieves the purpose of
promoting vascular regeneration through the stimulation of
angiogenic endothelial cells through its physical properties
in the microenvironment inside the scaffolds, including but
not limited to the parameters mentioned above. Regarding
the specific mechanisms, the reader is referred to the lit-
erature [92]. Although there are more changes in terms of
pore shape and distribution, the pore size is the ultimate
dominating factor [93, 94]. As the pore size increases, the
porosity is enhanced, and the permeability and degradation
efficiency can also be enhanced, thus contributing to the
generation of blood vessels and bone tissue [93]. However,
the mechanical properties and biological functions are in
a conflicting relationship and need to be balanced [2, 62].
Different parts of the bone under different stresses perform
various functions, and the mechanical properties necessary
for grafts are significantly diverse. Accordingly, the ideal set-
ting of these properties should be weighed on a case-by-case
basis.

Other factors may also have an effect on the equilib-
rium point, including the nature of the scaffold material. The
current commonly applied methods of 3D printing include
stereolithography (SLA), fused deposition modeling (FDM),
and selective laser sintering (SLS) [23, 31, 70]. In compari-
son with digital drawing designs, the printed object will have
certain differences due to the actual steps during the printing
process. The effect of the printing method on the product has
been discussed in other reviews and will not be elucidated
in this review [95, 96]. Lastly, the various factors added to
the scaffold also have subtle effects on the morphological
structure [97-99]. It is noteworthy that these fine changes
are imperceptible to humans, whereas they can be quite sig-
nificant for cells growing in it.
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Fig.2 a CAD models of scaffolds with large and small hexagonal
shapes (reproduced from Zhou et al. [74], Copyright 2016, with permis-
sion from the authors). b Stereomicroscopic images of scaffolds with
triangular pores (reproduced from Lopez-Gonzalez et al. [75], Copy-
right 2021, with permission from the authors). ¢ 3D model of octahedron

Sub-regional scaffolds

The porous scaffold is relatively fixed in its general
form, with an overall columnar shape and a repeating
unit structure inside. It has been confirmed by numer-
ous experiments that it is necessary to differentiate the
osteogenic region from the vasculogenic region to facili-
tate the growth of blood vessels. The ink in the angiogenic
region can be degraded earlier [100], loaded with impor-
tant factors that induce blood vessel growth [101], or
allow cells to grow directly in it [102]. The design diffi-
culty and novelty of the above type of scaffold primarily
concern the distribution and construction of the angio-
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scaffold and the photograph of initial and compressed octahedron scaf-
fold (reproduced from Xue et al. [78], Copyright 2019, with permission
from American Chemical Society). d Topological unit and entire topo-
logical scaffold structure (reproduced from Li et al. [81], Copyright
2018, with permission from Elsevier)

genic part in the whole scaffold. Researchers have been
inspired by diverse life forms to propose some innova-
tive designs for the scaffolds; some examples are listed
below.

Artifact-inspired structures

Layered distribution

In this type of sub-regional scaffold, different regions are
printed in layers and then stacked. A layer of gel for

blood vessel generation is added between two layers of
the osteogenic scaffold, forming a sandwich-like scaffold
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Fig.3 a Scaffolds with a
top-to-bottom density gradient. a)
Scale bar = 1 mm (reproduced
from Bittner et al. [84],
Copyright 2019, with
permission from Elsevier).

b The designs of gradient
density scaffolds including
dense-in and dense-out: strut
size distribution, top view and
longitudinal cross section of the
CAD models, and the micro-CT
reconstructions of the AM
porous iron specimens
(reproduced from Li et al. [82],
Copyright 2019, with
permission from Elsevier)
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[83]. This gel is composed of GelMA, a relatively soft
material, into which vascular structures could invade eas-
ily. The center is sacrificed by polyvinyl alcohol (PVA) to
form a Y-like pathway with a duct diameter of 800 pwm
(Fig. 4a). The channel is adopted to simulate large blood
vessels in vivo. The perfusable vessel channel signifi-
cantly facilitates the overall scaffold angiogenesis [103].
Notably, this scaffold is educated in a dynamic culture for
in vitro experiments. Compared with the traditional static
culture, the dynamic culture is superior in all indicators
and more closely resembles the in vivo environment [104,
105].

If this structure is repeated many times, it forms a lasagna-
like scaffold (Fig. 4b). Electrospun fiber membranes are
alternately stacked with polycaprolactone (PCL) scaffolds to
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form alasagna-like monolithic structure. Gelatin electrospun
fibrous scaffolds can enhance the overall hydrophilicity of the
scaffold and facilitate cell adhesion and proliferation [106].
Also, the physical properties of electrospun fiber membranes
immunomodulate macrophages, inhibiting the M1 pheno-
type while activating the M2 phenotype [107, 108], which
has been proved to significantly facilitate osteogenesis and
angiogenesis [42, 109, 110]. Moreover, in vivo experiments
have confirmed that scaffolds with lasagna-like structures
exhibit more neovascularization. The physical properties of
the scaffold also determine its mechanical features while con-
trolling tissue regeneration and immune modulation [111,
112], which is one of the reasons that inspired this review;
we also aimed to highlight the importance of the structural
layout of the scaffold.
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Fig.4 a Concept of the sandwich-like scaffold. Photographs of the bone
layer and vascular layer (top view). Scale bar = 1 mm (reproduced
from Hann et al. [83], Copyright 2021, with permission from Elsevier).

Core-shell distribution

Unlike in layered distribution, the core—shell structure dis-
tinguishes two functional regions on the same fiber. For
example, alginate shell-wrapped calcium-deficient hydroxyl
apatite (CDHA) core is fabricated by coaxial printing to form
a CD-like structure [113]. The two assume different functions
while complementing each other: the core enhances the over-
all mechanical strength, and the hydrogel compensates for
the brittle nature of the ceramic (Fig. 5a). Different from the
usual scaffolds, this type has a shell from a soft cell-loaded
hydrogel, which comes into full contact with the outside envi-
ronment to ensure the physiological needs of the cells. In this
scaffold, during the entire culture period (35 days), almost
all cells preserve their viability. This is an important consid-
eration as cellular activity should be ensured first, which is
of critical significance in the loaded cell scaffold design.
Furthermore, coaxial printing can be combined with sac-
rificial ink. The sacrificial template technique has been
increasingly applied in the construction of complex vascular
systems [114]. Some low-toxicity sacrificial inks can even
carry cells [115-117]. Endothelial cell-rich sacrificial ink is

b Schematic illustration and SEM image of lasagna-like scaffolds. Scale
bar =40 wm (reproduced from Wang et al. [106], Copyright 2021, with
permission from Elsevier)

coaxially printed with outer scaffold ink (Fig. 5b). After the
sacrificial ink has been removed, the endothelial cells cling
to a tubular scaffold, which forms a vascular-like structure
that takes its position before true angiogenesis [118, 119].
This kind of sacrificial ink solves the problem of uniformly
seeding cells inside complex structures. The above type of
structure is simultaneously adaptable to different needs (e.g.,
drug delivery) (Fig. 5¢). The materials or factors of the inner
or outer parts can be varied based on the design requirements
[120, 121].

Nature-inspired structures

Olive-shaped structure (Fig. 6a): The scaffold is primarily
formed by a monophasic calcium phosphate cement (CPC),
with some CPC chains replaced by alginate—gellan gum
(AlgGQG) since the peripheral vessels of the graft are easier
to invade [122]. The number of AlgGG substitution chains
increases from the layer adjacent to the natural bone toward
the center of the scaffold [123]. This structure shows an olive-
shaped distribution with fewer ends and more material in the
center. Moreover, the printing direction between the layers is
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Fig.5 a Optical images of CD-like scaffolds: the longitudinal view
of the scaffold, the cross section of scaffold strut with different shell
thickness, and the revered core—shell structure (reproduced from Raja
etal. [113], Copyright 2016, with permission from the Royal Society of
Chemistry). b Coaxial bioprinting and a direct bioprinting strategy com-

adjusted to form a triangular pore shape. The triangles make
up for the insufficient mechanical properties of AlgGG and
increase the overall stability [ 124] The modified scaffold con-
tributes to a significant increase in the branching of the vascu-
lar network and a substantial rise in the total tubular length.

Lotus seedpod-like structure (Fig. 6b): The structure of the
lotus house is simulated to create a scaffold wrapped in “lotus
seeds” [125]. Similar to the seed shapes, hydrogel micro-
spheres encapsulating deferoxamine (DFO) liposomes can
be injected directly into the 3D-printed bioceramic scaffold.
These microspheres account for building internal vascular-
ization. The “lotus seedpod”-shaped p-tricalcium phosphate
(B-TCP) scaffold provides mechanical support, and preforms
the osteogenic region. The bioceramic material serves as an
effective material for osteogenesis, whereas it requires high-
temperature sintering, often inactivating the loading factor.
Nonetheless, the separation of “lotus seeds” and “lotus seed-
pod” avoids this situation, expanding the application range
of bioceramic materials.

As mentioned above, regardless of the source of structural
design, the result is the separation of osteogenic and angio-
genic regions. The most significant advantage of sub-regional
scaffolds is that different regions can be printed into differ-
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bined with sacrificial bioprinting (reproduced from Shao et al. [118],
Copyright 2020, with permission from IOP Publishing). ¢ Schematic
diagram and SEM image of the internal drug-carrying scaffold (repro-
duced from Li et al. [120], Copyright 2019, with permission from the
authors)

ent materials based on various characteristics, while different
factors can be loaded onto them. Materials meeting both
bone and vascular regeneration requirements have been rare,
while combining different materials is an easier approach.
Those exhibiting high mechanical strength are selected for
the osteogenesis region. On the other hand, soft materials that
can load fragile factors can more significantly contribute to
the regeneration of blood vessels. When the two regions are
treated separately, it can protect the active ingredients to the
greatest extent, thereby eliminating numerous limitations of
porous scaffolds. This suggests that sub-regional scaffolds
have double stimulation factors to facilitate angiogenesis,
and allow revascularization to be achieved more effectively.

Tubular scaffolds

The design of osteogenesis grafts that facilitate vasculariza-
tion has one feature in common: they enable the graft core
to communicate with the host as efficiently as possible. As a
basis for integration, rapid communication avoids the occur-
rence of graft necrosis. Accordingly, the tubular structure was
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Fig.6 a Schematic illustration of the olive-shaped scaffold with top and
longitudinal views. The white color indicates calcium phosphate cement
(CPC) and the red color indicates alginate—gellan gum (AlgGG) (repro-
duced from Ahlfeld et al. [122], Copyright 2019, with permission from

gradually incorporated into graft designs. Since the develop-
ment of hot dog-like structure above, the structural design
of 3D-printed osteogenic grafts has been shifting to tubu-
lar structures. However, they still retain some repetitive unit
characteristics and achieve the separation of the two regions,
and are therefore still classified as sub-regional scaffolds.

Single tubular structure

The fabrication of a long tubular structure would be too
simple to be satisfactory. In fact, it has been difficult to
vascularize the central region using traditional materials,
which challenge has remained [126]. A centrally vascular-
ized tissue-engineered bone graft with a unique core—shell
composite structure can solve the above problem by the side
groove structure [40]. The shell portion uses B-TCP to pro-
vide mechanical support and an osteogenic matrix for bone
regeneration (Fig. 7a), and the core part uses a collagen
hydrogel-based bioink. The ink is internally encapsulated
with endothelial colony-forming cells (ECFCs) and mes-
enchymal stromal cells (MSCs) to form endogenous vessels
[127, 128]. Since the shell portion has a high density and long
diameter, it is difficult for external vessels to extend through
the shell into the core region [129]. The lateral groove struc-
ture provides a pathway for vascular invasion, which allows
the central area to easily communicate with the surrounding
muscle tissue at an early stage. In this way, the oxygen supply
and metabolic demand of the entire core region are ensured.

“Loutus Coat”

New Vessels

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim). b An inspira-
tional lotus seedpod, and the scaffold schematic (reproduced from Han
et al. [125], Copyright 2020, with permission from the authors)

Internally generated vessels meet the externally wrapped
vessels at the side groove. The result is a unique taco-like
vascular network structure thoroughly infiltrating and per-
fusing the scaffold. After quantitative analysis, it was proved
that the side groove can nearly double the number of vascular
regenerations of the scaffold. Using this approach, complete
revascularization is achieved rapidly. Similar to the afore-
mentioned structure is the 3D-printed scaffold with a groove
to incorporate the axial vascular pedicle (Fig. 7b) [130]. The
introduction of blood vessels accompanying the backbone in
the scaffold ensures metabolic demand within the whole seg-
ment. Besides, new capillaries can be generated to infiltrate
the graft and achieve early bone replacement. This is synony-
mous with the current clinical use of grafts carrying vascular
tissue [35]. At the same time, it avoids the secondary damage
arising from extracting tissue with high vessel organization.

Multiple tubular structures

The existence of single tubular structures makes it evident
that there are multiple tubular structures. The periphery of
the defect site takes the lion’s share of the stress in a single
tubular structure. However, this does not favor the integra-
tion of the graft and the regeneration of bone tissue. Stress
is of critical significance to the overall stiffness and struc-
tural integrity of nascent bone tissue, and it also affects
the development of the vasculature, which partially explains
why grafts made of metal are gradually falling into disfavor
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Fig.7 a Osteogenic shell and angiogenic core characterized by SEM
imaging, and schematic of centrally vascularized tissue engineering
bone grafts (reproduced from Wang et al. [40], Copyright 2018, with

[131-133]. The excessive strength and rigidity of metals tend
to cause stress shielding effects, severely inhibiting tissue
regeneration [134]. In contrast, multiple tubular structures
allow for a more uniform distribution of stresses through-
out the scaffold. They can significantly increase the specific
surface area and porosity while ensuring the mechanical
properties [135]. Moreover, their larger surface area can
accelerate scaffold degradation and internal material release
[136]. The pipelines provide space for the inward growth
of the host vessel in more directions and deliver additional
growth factors to the defect [137].

Plants with complex vascular systems inevitably have a
“niche” in the design of tubular structures (Fig. 8a). Natural
mineralized wood can directly serve as bone grafts [138].
Specifically, the fibrous vascular system native to the plant
plays a vital role in the function of wood-derived bone scaf-
folds (Fig. 8b) [139, 140]. Biomimetic lotus root morphology
scaffolds also exhibit a parallel multi-channel structure with
low flow resistance (Fig. 8c) [141]. The relatively high flow
rate of internal channels facilitates the distribution of oxygen
and nutrients. Cells inoculated on the surface of the scaffold
are promoted to actively climb to the interior of the duct at
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permission from Elsevier). b Axial vascular pedicle and customized 3D-
printed scaffold (reproduced from Vidal et al. [130], Copyright 2020,
with permission from the authors)

an early stage, enhancing the initial angiogenesis process in
the beginning.

Moreover, the porosity, specific surface area, and mechan-
ical strength of the scaffold can be regulated by adjusting
the number of channels or the stacking approach; in this
approach, the stacking significantly affects the scaffold. The
hexagonal close-packed model with optimal compression
resistance exhibits the lowest porosity and vice versa. How-
ever, the balance between porosity and mechanical strength
should still be weighed. Also, the parametric relationship
between the tube diameter and spacing affects the angiogenic
effect of the scaffold [142]. Researchers have set up sev-
eral experimental groups in this context. In comparison with
other groups, the scaffold with spacing/diameter = 0.5/0.8
demonstrated superior angiogenesis; the vascular volumes
and expression of related genes all presented high levels.

Microchannel structures
High porosity is beneficial, as revealed by the above analysis

of the effect of pore size on osteogenesis and angiogenesis.
On the other hand, the mechanical properties of scaffolds
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Fig.8 a SEM image of the microstructure of scaffold surface after
processing (reproduced from Sprio et al. [153], Copyright 2021, with
permission from the authors). b Macroscopic images of 3D porous
CaP ceramics scaffold made from natural wood (reproduced from Kon
et al. [138], Copyright 2021, with permission from the authors). ¢ The

cannot be compromised. A great solution for this chal-
lenge is the application of microchannels. While they hardly
affect the general structure and mechanical strength, they
can significantly increase the porosity [143]. A microchan-
nel averages only a few tens of microns (Fig. 9a). The PCL
is printed from mixed media, resulting in a considerable
number of microchannels in the fibers [144]. Microchan-
nels significantly improve the porosity and surface area of
the scaffold, which might play important roles in interac-
tions with cells under in vivo conditions. Experimental results
show that through immune regulation, cell recruitment, and
other processes, microchannels promote vascularization and
osteogenesis. A large number of interconnected microchan-
nels in the scaffold make the scaffold fibers appear porous
and spongy, contributing to its good elasticity (Figs. 9b and
9c) [145]. The paracrine mechanism of MSC is also activated
to promote angiogenesis [146].

In comparison with channels that have a diameter of hun-
dreds of microns, the diameter of 0—50 wm enhances cell
metabolism, migration, and interaction [147, 148]. More-
over, in the presence of highly interconnected microchannels,
the flow rate of body fluid inside the scaffold increases

Traditional 3D materials

faa
e
.

Lotus root-like
blomimetic materials

schematics of the lotus root microstructure, application of lotus root-like
scaffold in tissue regeneration, and comparison between the biomimetic
scaffold and the traditional scaffold (reproduced from Feng et al. [141],
Copyright 2017, with permission from the authors)

dramatically [149]. Scaffolds with microchannels actively
attract the rapid infiltration of blood through capillary
action [150]. Furthermore, microchannels can draw cells
and facilitate cell adhesion by capillary action [151]. All of
these actions benefit scaffolds to achieve rapid angiogen-
esis. Although the preliminary results are promising, the
resolution of current 3D printers is insufficient to output
microchannels [152]. Hence, the above microstructures can
be obtained by modifying the material of the scaffold, which
can also provide a reference for the structural design of the
scaffold. When the resolution is increased, the microchan-
nels could be printed as a part of more complex and delicate
scaffolds to facilitate angiogenesis.

In general, tubular scaffolds are more tailored to the trun-
cated defects of long bones. Accordingly, the weight of
mechanical properties has been strengthened in the structural
design. Compared with sub-regional scaffolds, tubular scaf-
folds do not add new stimulation factors but aim to achieve
the structural optimization of the vascular growth space. The
tubes serve as the main area of vascular regeneration. As
mentioned above regarding the effect of pore size in porous
scaffolds, a tubular structure with a larger internal diameter
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Fig.9 a SEM cross-sectional image and digital image in wCh of
microchannels. The red color indicates highly open channeled pores,
and the green color indicates struts (reproduced from Won et al. [144],
Copyright 2019, with permission from Elsevier). b The schemata of a

facilitates rapid vessel growth. Unlike the relatively complex
internal spaces in other scaffolds, the straight and unob-
structed interior aids the rapid exchange of substances and
the invasion of blood vessels. Furthermore, when the longi-
tudinal axis of the scaffold is excessively long, the lateral
axis needs access to ensure that the center does not become
necrotic. The morphology of the scaffold at this point is sim-
ilar to Haversian canals, i.e., the structure responsible for
blood supply inside the bone.

Bone-like scaffolds

The ultimate goal of employing 3D-printed osteogenic scaf-
folds is to repair large bone defects in the human body. As a
result, itis highly appropriate to imitate the native bone struc-
ture. However, the human body, a product of billions of years
of evolution, has a highly complex structure [153]. With the
current state of technology, grafts are not capable of perfect
imitation. Most of the aforementioned grafts capture limited
characteristics of the native skeleton. For instance, imitation
is achieved either from a macroscopic or a microscopic point
of view.

@ Springer

spongy scaffold with microchannels, and ¢ the surface SEM images of
the spongy scaffold (reproduced from Lian et al. [145], Copyright 2021,
with permission from Elsevier)

Macrostructure simulations

Bone defects are usually irregular and complex in morphol-
ogy [154]. Traditional graft morphology is relatively fixed
and simple for easy mass production; however, the above
structures do not correspond to the actual anatomy of the
human body, resulting in several problems (e.g., abrasion
of the integration surface and improper stress distribution)
[155, 156]. All of these issues may lead to the failure of graft
integration, poor prognosis, and adverse sequelae [157].

Furthermore, 3D printing, standing out for its personal-
ized customization ability, is capable of creating grafts that
can be precisely matched by mimicking the bone structure
[158, 159]. Before printing, the morphological structure of
the local bone is achieved by computed tomography (CT)
(Figs. 10a—10e) [160—162]. In practical human applications,
it is also possible to obtain relatively compatible data by
scanning the symmetrical bones in the defective area. A graft
effectively fitting the defect site can lead to rapid integration
and early healing of the graft [163, 164].

However, this macroscopic mimicry does not have a con-
siderable effect on the rapid regeneration of blood vessels. It
can only be recognized as a refinement of the conventional
graft that does not significantly enhance the regeneration,
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(a)

(d)

Fig. 10 a CT scan of rabbit leg. b Reconstruction of fragments. ¢ The design of prints. d, e The CT scan and photograph of 3D-printed scaffolds
(reproduced from Bao et al. [160], Copyright 2017, with permission from the authors)

more like an additionally modified part of the overall graft
structural design.

Microstructure simulation scaffolds

The macrostructure of bones is fairly easy to imitate; it is the
appropriate mimicking of bone function, i.e., microstructure,
that is the critical task of bone-like scaffolds [165].

According to structure, bones can be simply divided into
cortical and cancellous bones (Fig. 11a) [166]. Cancellous
bone is formed by considerable interwoven bone trabeculae
and appears as a loose spongy network [167]. By contrast,
cortical bone sections are more intricate. Mature cortical
bone consists of lamellar bone and is significantly dense
[168].

Layers of bone plates wrap around in a concentric struc-
ture, encasing nerves and blood vessels, which leads to the
formation of the Haversian system to nourish the bone and
transmit information [169, 170]. Cortical bone and cancel-
lous bone have such different structures that it is extremely
challenging to print the two as a whole. Currently, the two
scaffolds are combined using the demineralized bone matrix
(DBM) instead of 3D printing [171]. In the next sections,
cancellous and cortical bone scaffolds are described sepa-
rately, with a focus on the more complex cortical bone that
assumes more physiological functions.

Cancellous-like bone scaffolds

Cancellous-like bone scaffolds have been simulated using
different well-established techniques. The loose and porous
structure can be formed using 3D printing technology,
supercritical carbon dioxide (scCO,) foaming technique,
electron beam melting (EBM), and other methods [172, 173].
Although 3D printing allows for more accurate control of
the internal structure, in comparison with other technolo-
gies, porous scaffolds are still directly used as cancellous
bone [174]. As a result, most of the existing cancellous-like
bone scaffolds do not fully conform to the anatomical and
physiological characteristics of cancellous bone [175]. The
main reason is that the arrangement of trabeculae is not disor-
derly or somewhat regular but changes according to the stress
of the bone, which requires scaffolds that are mechanically
adaptive.

Cortical-like bone scaffolds

The most distinctive feature of cortical bones is the Haversian
system, which consists of Haversian and Volkmann canals
that maintain the blood supply. Accordingly, the Haver-
sian system architecture is the most critical component of a
cortical-like bone scaffold. Thus, a bone-like scaffold inter-
face is concentric circle-like, with a central area simulating
cancellous bone [176]. Haversian canals are tubular channels
arranged in the peripheral part of the scaffold, which are inter-
connected by a ring of Volkmann canals (Fig. 11b). Similar
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Fig. 11 a Composition of long bone and its microstructure (reproduced
from Robles-Linares et al. [166], Copyright 2019, with permission from
the authors). b The schemata of Haversian canals, Volkmann canals, and

to the above lotus root mimic structure, the mechanical prop-
erties of the grafts can be regulated to optimally match to the
host by adjusting the number and diameter of tubes. More-
over, the scaffold can specifically load different cells in each
region [177]. Osteoblasts are inoculated in the cancellous
bone fraction and angiogenic cells are inoculated in the vas-
cular channels to develop a non-contact co-culture system.
Existing studies have demonstrated that a proper distance
between multiple cells can maintain their mutual synergistic
effects, since it provides a better environment for the respec-
tive proliferation and differentiation of cells [127, 178].
Unlike the increasingly refined simulation of Haversian
and Volkmann canals, they have also been simplified in other
approaches. The current 3D printing technology has made it
possible to produce osteogenic grafts integrating an actual
functional vascular system [18, 165]. However, its relative
resolution and fineness are still insufficient [179]. Besides,
the voids created during direct printing may cause structural
deformation [180, 181]. Another option is to print the vascu-
lar system first with sacrificial Pluronic inks (Fig. 12a) [182].
Subsequently, this can be wrapped by a GeIMA hydrogel
loaded with MSC. Next, the sacrificial material is removed
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Haversian bone—mimicking scaffolds

Structure model

cancellous bone, corresponding structural model, as well as 3D-printed
Haversian bone-mimicking scaffolds (reproduced from Zhang et al.
[176], Copyright 2020, with permission from the authors)

immediately to obtain a GeIMA scaffold with the vascular
pathway formed (Fig. 12b) [183]. New blood vessels grow
rapidly to the core of the graft through the designed vascular
structure, which ensures the growth of cells and avoids the
occurrence of central necrosis. Moreover, the overall level of
vascularization and osteogenesis in scaffolds with vascular
structures is significantly increased due to the rapid commu-
nication. The grafts are also easier to degrade and replace as a
result of the presence of channels. If the graft fails to decom-
pose, it would occupy space and inhibit bone regeneration
[184].

The Haversian system is made up of Haversian canals
and bone plates, which is also a bone unit called the osteon.
Unlike the scaffolds above, those discussed below focus on
a single bone unit rather than a unitary vascular structure.
High mechanical strength PCL serves as the support carrier,
and it is printed to form a concentric three-ring structure
[185]. The outermost loop and the central loop act as the
supporting skeleton, and the middle loop is hollowed out
(Fig. 13a). The central loop fulfills the function of cancel-
lous bone. Four osteon-like units surround the central area in
the middle loop. The osteon-like unit shows a concentric ring
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Print pluronic pillars

Fig. 12 aPrinted sacrificial Pluronic micropillars as well as the solid and
microchannels with top and side views, demonstrating interconnected
microchannel networks within the constructs (reproduced from Daly
et al. [182], Copyright 2018, with permission from Elsevier). b Integral

structure, and it is printed with a composite hydrogel com-
posed of cell-loaded fibrinogen and gelatin. Its outermost
ring is loaded with MSCs for osteogenesis, thus forming the
bone plate structure. Meanwhile, the innermost ring is loaded
with human umbilical vascular endothelial cells (HUVECs)
for vascularization. When compared with cast samples with-
out structure, no significant difference was found in the
expression of osteogenic marker genes in the printed sam-
ples (Fig. 13b). A significant change can be identified in the
angiogenic marker mRNA, which is several-fold higher. The
structural design was demonstrated to significantly facilitate
angiogenesis. A block biomimetic scaffold comprises a com-
posite hydrogel, which also simulates osteon-like units [186].
Unlike the one discussed earlier, this scaffold abandons the
external support skeleton and focuses on exploring the sim-
ulation of osteon-like units (Fig. 13c). The unit blocks are

Top View

Solid

TopView

Microchannels

scaffold before sacrificial ink removal and scaffold with complete vas-
cular structure (reproduced from Twohig et al. [183], Copyright 2021,
with permission from Elsevier)

concentric double-ring structures. The inner ring mimics vas-
cular tubules and encapsulates HUVECs, while the outer ring
acts as part of the bone encapsulating human osteoblast-like
cells (MG63s). The integral support is formed by stacking
plural die blocks as a long cylinder with an internal tube
cavity, and the assembly provides better mechanical proper-
ties. As revealed by experiments, the assembly shows higher
expression of the vascular-related gene VEGF in compari-
son with the individual osteon-like units, which confirms the
importance of the lumen structure.

The bone-like scaffolds are further optimized based on the
above scaffolds, which makes them approach the physiologi-
cal state of human beings. However, the simplified simulation
for the vascular system is more adapted to the current pro-
duction level to scale up and expand the production. On the
one hand, scaffolds that can withstand stress and have an ade-
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3DP osteon-
like scaffolds

Fig. 13 a Schematic of 3D printed scaffolds. The green color represents
osteon-like units and the gray represents a polycaprolactone (PCL) car-
rier scaffold. Micrograph of the 3D printed scaffold. b Schematic of the
3D-printed scaffolds (top view). Each layer comprises four osteon-like
fibrin hydrogels. Each osteon-like unit consists of four rings with dif-

quate and appropriate vascular growth network can be used
as simple substitutes for natural bone. On the other hand,
composite scaffolds with elaborate structures should be the
goal that researchers strive for in the future. The functional
structure of cortical bone can be met by incorporating scle-
rotin with canals on the whole. Subsequently, the cancellous
bone is combined with cortical bone scaffolds. A bone-like
scaffold displaying the same natural bone structure can be
formed, which takes on most of the functions of the original
tissue while inducing the complete regeneration of real bone
tissue.

Conclusions and prospects

Achieving rapid vascularization is recognized as a vital
step in bone tissue engineering. In comparison with the
direct regeneration of vascular tissue, vascularization in bone
exhibits its specificities. Importantly, the hole graft should
meet the requirements of osteogenesis and exhibit sufficient
mechanical properties. 3D-printed osteogenic grafts allow
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ferent cells (reproduced from Piard et al. [185], Copyright 2019, with
permission from IOP Publishing). ¢ The osteon-like double-ring mod-
ules: phase-contrast images of a single unit and an assembly. Scale bar
= 500 pm (reproduced from Zuo et al. [186], Copyright 2015, with
permission from American Chemical Society)

for the construction of specific structures that meet their
characteristics while allowing for the rapid establishment of
a blood supply. Current 3D-printed grafts are combined by
multiple methods that work together to facilitate rapid vas-
cularization. As a foundation scaffold, the best conceivable,
biomimetic, ergonomic structure is one that enables the scaf-
fold to incorporate all vital functions.

In general, any scaffold requires vascularized areas or
appropriate vascular growth pathways; only through the
apposite space can blood vessels invade and grow as well
as provide the means for communication between the graft
and the host. In other words, maximum vascular regenera-
tion can only be achieved by biomimetic channels. Although
a porous scaffold is easy to print and is universal, its inter-
nal structure makes it difficult to precisely control the travel
area of blood vessels. Above all, scaffolds are required that
can be precisely controlled; in this regard, the biomimetic
tubular scaffold is currently the superior choice, as it can be
more conveniently connected with the host’s vascular system
to achieve early perfusion. At present, the diameter, density,
and form of the channels can be adjusted through 3D print-
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ing. Besides, it has been shown in animal models that refining
the above parameters achieves the desired effect of rapid vas-
cularization. Overall, 3D-printed grafts are characterized by
fewer complications, faster integration of the graft, and ear-
lier complete regeneration of bone tissue.

The biomimetic tubular scaffold presents several advan-
tages in mass production and clinical transformation; yet we
still need to develop complete imitations of natural bones
using 3D scaffolds. As already attempted in the microstruc-
ture simulation scaffolds above, different tissue-forming
regions are also reproduced in the bone-like scaffold. Natural
bone tissue is the composite product of multiple components
and cells. Among them, blood vessels account for a vital
part of osteogenesis, albeit other structures are also impor-
tant, such as nerves accompanying and nourishing the bones
through the Haversian canal. Accordingly, when designing
the scaffolds, it is also possible to consider innervation. As a
result, bone-like scaffolds can feature a multi-layered phys-
ical structure; such complex architectures are a prerequisite
for achieving the spatial distribution of multiple cell types.
Furthermore, a structure conducive to cell-specific distri-
bution will be more capable of regulating the interactions
between various cells and generating specialized tissues. This
avoids the structural disorganization of regenerating tissues,
reduces tumor production, and shortens the time for late
remodeling and repair by the host itself.

Moreover, different parts of the scaffold are assembled
together with their corresponding functional materials. Sim-
ilar to the interactions between cells and tissues during the
growth, maintenance, and repair of bone, the interactions
between the components within the 3D-printed bone-like
scaffold should also be meticulously considered. Given these
important aspects, the understanding of bone regeneration
mechanisms is still incomplete. Therefore, the challenge
to increase the simulation specificity of the bone struc-
ture as described above is an urgent problem that needs to
be addressed. Since biomimetics encompass many defini-
tions, we cannot restrict ourselves to simulations of physical
and chemical aspects. Accordingly, biologically plausible
mimicry for osteogenesis has been developed. Taking exo-
somes as an example, cells communicate with each other
via exosomes. Therefore, scaffolds with exosomes can be
regarded as those with intercomponent regulation, which is
another future exploration direction of bone tissue engineer-
ing.

At the same time, the resolution of the 3D printer is highly
important. Given the general understanding of bone regener-
ation, for now, the current 3D printer resolution is inadequate
to meet the requirements. A nano-scale 3D printer with
ultra-high resolution would be needed to print an osteogenic
scaffold that meets our vision. 3D bioprinting, which is cur-
rently the most promising technology to produce complex
transplants, should strive to facilitate its research develop-

ment goals, achieve clinical translation as soon as possible,
and bring more benefits to people in need.
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