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Abstract: Conventional bone repair scaffolds can no longer meet the high standards and requirements of clinical applications 
in terms of preparation process and service performance. Studies have shown that the diversity of filament structures of 
implantable scaffolds is closely related to their overall properties (mechanical properties, degradation properties, and biological 
properties). To better elucidate the characteristics and advantages of different filament structures, this paper retrieves and 
summarizes the state of the art in the filament structure of the three-dimensional (3D) bioprinted biodegradable bone repair 
scaffolds, mainly including single-layer structure, double-layer structure, hollow structure, core-shell structure and bionic 
structures. The eximious performance of the novel scaffolds was discussed from different aspects (material composition, 
ink configuration, printing parameters, etc.). Besides, the additional functions of the current bone repair scaffold, such as 
chondrogenesis, angiogenesis, anti-bacteria, and anti-tumor, were also concluded. Finally, the paper prospects the future 
material selection, structural design, functional development, and performance optimization of bone repair scaffolds.
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1. Introduction
At present, the number of patients with bone defects caused 
by tumors, infections, aging populations, or accidental 
injuries shows an increasing trend. According to statistics, 
there are about 3 million new cases with bone injury 
worldwide every year, pointing to the huge development 
space in the market of bone repair materials[1]. Although 
bone tissue has the ability to recover and regenerate itself, 
bone defects such as fractures and microfractures that 
exceed a critical threshold (usually >2 cm, depending on 
the anatomical site) cannot renew itself[2-4]. Autologous 
bone transplantation is the “gold standard” for the 
treatment of bone defects in current clinical practice, but 
this treatment involves procedure that removes bone from 
patient which has the problem of limited sources of bone 
tissue and the second surgery that brings greater pain to 
the patient[5]. Compared with autologous bone grafts, 

allografts are prone to inactivation after ultraviolet (UV) 
irradiation or freeze-drying treatment, resulting in low 
osteoinductivity, the problem of treatment failure due to 
host immune response[6-8].

Bone repair scaffolds with wide source, easy 
fabrication and good osteogenic activity have provided 
new insight for bone defect treatment[9,10]. A good bone 
repair scaffold should have the following basic properties: 
(i) being biocompatible to avoid immune rejection after 
implantation in the patient[11]; (ii) having mechanical 
properties so that the scaffold can be a carrier in the 
defect site[12]; (iii) having interconnected pore structure 
and proper porosity[13] because bone formation requires 
not only a large amount of space to adhere to growth 
factors, but also connected pores to supply the necessary 
nutrients and oxygen[14] and provide channels for cell 
migration and blood vessel growth[15-17]; and (iv) being 
biodegradable so that the implanted scaffold will degrade 
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over time to make room for new bone tissue[18]. Traditional 
scaffold fabrication techniques, such as solvent casting, 
gas forming, membrane lamination, salt immersion, and 
fiber bonding, have limitations[19,20], including complex 
preparation processes, high costs, uncontrollable internal 
pore structure for scaffolds, incomplete matching of 
shape to host bone defects, and inability to load cells for 
bioprinting, which are difficult to meet the actual needs 
of patients. According to ASTM standard F2792[21], 
ASTM classifies three-dimensional (3D) printing 
technologies into the binding jetting, directed energy 
deposition, material extrusion, material jetting, powder 
bed fusion and sheet 3D printing techniques, which 
are increasingly used for product design[22]. Its layer-
by-layer manufacturing method can precisely regulate 
the complex geometric structure to make the processed 
product highly optimized, reduce the weight of the 
product at the same time, reduce material loss and reduce 
the cost of expenditure[23]. 3D printing is also used for 
small production runs, such as model customization and 
print-on-demand, and can streamline the supply process 
through sub-station manufacturing[24]. In the field of bone 
repair, 3D printing technology, which is simple to operate 
and has fast molding speed as well as good control, can 
not only construct the complex shape matching the bone 
tissue defect, but also accurately regulate the internal 
pore structure, and it has become the first choice for the 
preparation of porous bone repair scaffolds[25,26].

The development of bone tissue engineering 
has resulted in different types of bone repair scaffold 
structures, materials, and properties to better serve 
human needs through the unremitting efforts of a large 
number of researchers. The purpose of this review is to 
summarize and review the current research progress of 
biodegradable extrudable bone repair scaffolds in terms 
of scaffold materials, filament structure, and scaffold 
function. The filament structure of the stent, that is, the 
line composition inside the stent, is particularly important 
to the overall performance of the stent and its scope of 
application. Therefore, this paper reviews the proposal, 
design, performance, and evaluation of the scaffold 
in five major directions, including classical structure, 
bilayer structure, core-shell structure, hollow structure, 
and bionic structure of the biodegradable bone repair 
scaffold, and in the end, the future development of the 
filament structure of the scaffold is prospected.

2. Materials
Bone tissue is a kind of connective tissue composed of 
a bone matrix and a variety of cells. The bone matrix 
contains organic and inorganic substances, the inorganic 
substances are mainly made of calcium and phosphorus 
in the form of hydroxyapatite (HA) crystals, compounds 
(sodium, potassium, magnesium, and fluoride) as well as 

salts (chloride and carbon) and some trace elements such as 
silicon, zinc, and copper[27]. Organic matter mainly refers 
to collagen (COL) fibers and calcium-binding protein 
gels such as osteocalcin and osteophosphoprotein[28].

In view of the composition of bone tissue, 
materials for 3D printed bone repair scaffolds mainly 
include bioceramics, polymers, cells, growth factors, 
and composites, with polymer materials being the most 
widely used (such as gelatin, COL, sodium hyaluronate, 
silk protein, polycaprolactone (PCL), polylactic acid 
(PLA), and polyethylene glycol)[29]. The bioceramic 
materials used in ceramic scaffolds for bone repair 
mainly include calcium-phosphorus-based bioactive 
materials and calcium-silica-based bioactive materials. 
Calcium-phosphorus-based bioactive materials include 
HA, β-type calcium phosphate (β-TCP), and biphasic 
calcium phosphate (BCP), while calcium-silica-based 
bioactive materials include bioactive glass, calcium 
silicate, tricalcium silicate, magnesium yellow feldspar, 
and white calcium silicate. This section consolidates the 
commonly used scaffold materials in the field of bone 
repair with examples of their material properties and 
research progress (Table 1).

2.1. Bioceramics
Bioceramic materials are widely used in bone repair 
engineering because of their similarity to the inorganic 
composition of bone tissue. The common bioceramic 
materials mainly include HA, β-TCP, silicate, and 
bioceramics. They have excellent osteoconductive 
properties, good bioactivity, biodegradability and strong 
compressive properties and have great potential for 
development in the treatment of bone defects[30].

Calcium phosphate materials have significant 
osteoinductive ability due to the release of calcium and 
phosphate ions, which contributes to a bone-like apatite 
layer that can adsorb osteogenic proteins on the material 
surface, with HA and tricalcium phosphate being the most 
widely used. HA is chemically similar to the minerals of 
natural bone and is considered a substitute with high bone 
repair potential[31]. Damien et al. and Oonishi et al.[32,33] 

found that HA scaffolds have better mechanical properties 
as well as strong osteoinductive and osseointegration 
ability and are less prone to deformation through in vivo 
experiments[34]. In contrast, HA prepared by hydrothermal 
liquid exchange method by Roy et al.[35], showed that 
HA has the defects of poor sintering properties and poor 
biodegradability. Tricalcium phosphate, with its ability 
to bind well to hard tissues, has become another class of 
calcium-phosphorus bioactive materials that have been 
widely studied and applied in the field of bone repair, 
generally in two forms: Low-temperature stable β-phase 
(β-TCP) and high-temperature stable α-phase (α-TCP)[34]. 
Li et al.[36] used the porous structure ceramic scaffold 
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prepared by sintering β-TCP ceramic slurry to show good 
biocompatibility in biological experiments and provide 
richer calcium and phosphorus elements and growth 
space for new bone formation after implantation in vivo. 
However, β-TCP suffers from low mechanical strength 
and very rapid degradation, which limit its development 
in the field of bone repair[37].

Bioglass has good bioactivity, biocompatibility, and 
promotes bone and soft-tissue regeneration, making it 
an excellent material for bone defect repair. One of the 
most famous bioactive glass, 45S5, can rapidly bond 
to bone and promote bone growth away from the bone-
implant interface[38]. Fujishiro et al.[39] observed 24 weeks 
after surgery in a rat femoral defect experiment and 
found that this bioactive glass accelerated the rate of 
bone regeneration compared to HA. On the other hand, 
bioglass has disadvantages such as high brittleness and 
poor mechanical strength, which limit its application for 
bone defects in load-bearing areas[40]. Li et al.[41] obtained 
porous BG scaffolds with controllable mechanical 
strength by modulating the molar ratio of SiO2/CaO (90/5 
– 60/35), and the characterization results showed that 
the high content of SiO2 produced more uniform crystal 
particles and dense sintering to improve the mechanical 
strength of the scaffolds.

Compared to bioceramics such as calcium 
phosphate, calcium silicate-based biomaterials exhibit 
better biodegradability, and osteoinductive properties. 
Huang et al.[42] found that Si2+ release and calcium silicate-
based materials accelerated the formation of bone-like 
apatite layers by printing hinokitiol-modified wollastonite 

slurry and that hinokitiol-modified scaffolds were also 
effective in suppressing cellular inflammatory responses. 
By adding different ratios of graphene to calcium silicate 
powder, Shie et al.[43] showed that the Young’s modulus 
was increased by 47.1% with the addition of 1 wt% of 
graphene to calcium silicate, and the proliferation and 
expression of alkaline phosphatase (ALP), osteogenic, 
and osteogenic-related proteins in hMSCs were superior 
to the expression results of pure calcium silicate.

2.2. Polymers
Polymers are long-chain organic materials linked by 
covalent bonds[44], mainly including natural polymers 
and synthetic polymers such as COL, which are more 
hydrophilic and can form hydrogels with high water 
content[45-47]. The use of polymers in 3D printing not 
only achieves more precise customization of the scaffold 
geometry, but also minimizes processing costs compared 
to other traditional molding methods. At the same 
time, due to the lack of mechanical strength and single 
function of natural polymers, research in the field of bone 
repair has focused on material selection and preparation 
methods for advanced polymer composites[48,49].

Natural polymers are more widely used in 3D 
printing by virtue of their better bioactivity[50], mainly 
including COL, silk proteins, cellulose, and alginates[51]. 
COL is the most abundant protein in the human body, and 
different types of COL bodies are distributed in different 
tissues according to their structure and hierarchical 
organization. Its unique triple helix structure is the basis 
for the good stability and mechanical properties of COL 

Table 1. Summary of the characteristic of different materials in 3D bioprinted biodegradable bone repair scaffolds

Materials Features References
Bioceramics Calcium 

phosphate
Excellent osteosimilarity, osteoinductive, biocompatibility, 
mechanical properties
Hard to degrade, poor toughness

[27-33]

Bioglass Eximious osteogenic properties, biocompatibility
Insufficient mechanical strength

[34-37]

Silicate High biocompatibility, osteoinductivity, pro-hard tissue 
regeneration ability
Poor fracture toughness, too fast degradation

[38,39]

Polymers Natural 
polymers

Good biocompatibility, degradability, printability, high 
modulus of elasticity
Poor mechanical strength, fast degradation rate, single 
material function

[46-52]

synthetic 
polymers

Wide range of material sources, gallows biocompatibility, 
high mechanical strength
Some materials are difficult to degrade and have no 
obvious osteogenic properties

[53-54]

Composites Functional diversity, combination of excellent 
performance of various materials, wide range of material 
selection

[62-72]
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scaffolds[52]. In the past few years, researchers have 
developed COL-containing hybrid printing and sacrificial 
material printing methods to improve the rheological 
properties of bioink by improving the printability of 
the slurry[53,54]. Shim et al.[55] prepared a scaffold for 
application in cartilage tissue regeneration using COL, 
supramolecular hyaluronic acid and PCL loading 
(hTMSCs), bone morphogenetic protein 2 (BMP   2) 
and transforming growth factor-beta (TGF-β), and the 
results showed that the hydrogel/PCL layered printing 
method successfully prepared multilayer cell-carrying 
scaffolds with high mechanical stability, circumventing 
the negative effects of chemical cross-linking agents and 
physical cross-linking while showing higher bone repair 
performance than pure hydrogel scaffolds in animal 
experiments. Alginate, a natural polymer derived from 
algae, has properties similar to extracellular matrix with 
good biocompatibility and printability, and has many 
applications in the field of 3D printed bioinks. Almarza 
et al.[56] used scaffolds prepared by adding polyglycolic 
acid to natural alginate for culturing temporomandibular 
joint cells, and found that a large amount of COL was 
produced by the cells inside the scaffold after 4  weeks 
of incubation, confirming the good biocompatibility of 
alginate.

To date, polymer materials and their composites 
have been commonly used in clinical treatment of 
bone defective diseases. These materials are widely 
available and have good biocompatibility and excellent 
mechanical properties. Natural polymer materials are 
limited in clinical use because of different sources and 
forms. Their chemical structures are more complex, and 
their physicochemical properties are highly variable. 
Compared to natural polymer materials, many synthetic 
polymer materials have received attention due to their 
superior mechanical strength and processing flexibility. 
At present, the common synthetic polymer materials 
used in bone tissue engineering are poly (lactic acid-
hydroxyacetic acid) (PLGA), PCL, PLA, silicone, 
polyurethane (PU), and so on. These materials have 
superior biocompatibility, biodegradability, and usually 
the degradation products which belong a class of green 
eco-polymers are non-toxic.

PCL has good biodegradability, biocompatibility, 
and non-toxicity and is typically used as a medical 
biodegradable material. It has high crystallinity and 
low melting point, and its excellent rheological and 
viscoelastic properties endow it with good melt 
printability. In addition, scaffolds prepared from PCL have 
high mechanical strength and are popular in bone tissue 
engineering systems. Li et al.[57] achieved simultaneous 
repair of bone and cartilage tissue defects by coating a 
self-assembled peptide hydrogel on a PCL scaffold and 
blank controls, and confirmed that PCL scaffolds lacked 

the ability to promote cell adhesion ability to promote cell 
adhesion. Mahdi et al.[58] modified the hydrophobicity 
and surface properties of PCL scaffolds by coating them 
with peptide hydrogel or polydopamine to improve cell 
adhesion. Another candidate bone tissue engineering 
material PLA is an aliphatic polyester, mainly derived 
from plant starch, with good biocompatibility and 
degradability, which survives in the human body as 
soluble lactic acid after hydrolysis. Its main advantages 
are low melting point, low-viscosity, and excellent 
mechanical properties, but there are problems such as 
high brittleness and high glossiness. Yi et al.[59] modified 
HA using poly(L-lactide)/β-cyclodextrin/citrate (PLA/β-
CD/citrate), and the modified HA had significantly 
improved bioactivity and mechanical properties, with 
better cell adhesion and higher viability for rat bone 
marrow mesenchymal stem cells (MSCs). Silicone 
elastomer can be formulated to have low elastic modulus, 
high extensibility and toughness, excellent thermal and 
oxidative stability, and chemical inertness[60,61]. Luis 
et al.[62] used a two-part Ecoflex silicone resins for 3D 
printing a bionic scaffold for meniscus structure using 
a thermosetting extrusion method. The results of the 
quantitative cell proliferation test showed low cytotoxicity 
and good biocompatibility of silicone.

2.3. Composites
The structure of scaffolds prepared from any single 
material can be affected by the defects that exist in the 
material itself. For example, ceramic scaffolds may 
undergo very fast or difficult in vivo degradation and 
have poor sintering quality due to material differences, 
and polymer scaffolds have insufficient mechanical 
strength and may collapse during printing, resulting in 
low porosity[63,64]. The emergence of composite materials 
has provided a new strategy to solve this problem, and 
researchers have developed a series of composites with 
excellent properties through extensive experiments[65]. 
The results showed that the performance of composites is 
superior and more comprehensive than that of individual 
components, and they are rapidly attracting widespread 
attention in the field of bone repair[66,67]. Among them, 
bioceramic materials and polymeric materials are favored 
for their material properties; the former have good 
biocompatibility, excellent bone regeneration properties, 
and high mechanical strength, whereas the latter have 
high printability, notable toughness, and the ability to 
encapsulate cells for bioprinting[29].

Composites are constructed from two or more 
different materials (e.g.  bioceramics and bioceramics, 
polymers and bioceramics, and polymers and 
polymers.)[68-70]. BCP, which is a new composite 
bioceramic material, was synthesized by HA and β-TCP. 
The degradation rate of β-TCP is too fast, resulting in the 
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inability to provide structural support for new bone after 
degradation, so it is especially important to control the 
degradation rate and mechanical strength by synthesizing 
two materials[71]. By comparing the compressive strength 
of BCP scaffolds with different ratios, Zyman et al.[72] 
showed that the compressive strength of the material 
increased with the increase of β-TCP content. Sánchez-
Salcedo et al.[73,74] investigated the degradation rate of 
BCP slurry in an in vitro test by testing different ratios of 
BCP slurry and showed that the dissolution rate of BCP 
material was between HA and β-TCP, and the dissolution 
rate increased with increasing β-TCP content.

Polymer-ceramic composites combine the excellent 
properties of two different chemical compositions, 
including the high wear resistance of ceramic materials 
and the high toughness of polymers[75-78]. The incorporation 
of ceramic particles and bioglass particles into the initial 
material effectively enhances the mechanical strength of 
the composite, and its bioactivity gives the material the 
ability to regenerate bone[79]. This can also be applied 
in the fabrication of biphasic porous scaffolds to repair 
the regenerated damaged tissues. Inzana et al.[80] used 
Darvan821-A as a size controlling agent and dispersant 
for the 1st  time during HA synthesis to prevent the 
formation of particle aggregates throughout the COL 
matrix, resulting in COL-nHA scaffolds with excellent 
rheological properties and great potential for precise 
tailoring of scaffold shape. Li et al.[81] incorporated COL 
into calcium phosphate slurry at low temperature to 
maximize the cytocompatibility and mechanical strength 
of the scaffold. Compared to the difficult degradation 
problem of conventional HA powder, nano-scale HA 
(nHA) possesses a faster degradation rate in vivo without 
affecting osteogenesis[82]. However, nHA single-phase 
materials are not able to mimic the composition, structure 
and properties of natural bone, and researchers need 
to compensate this deficiency by introducing another 
material. Wang et al.[83] prepared the scaffold by adding 
polyamide (PA) to HA which has excellent mechanical 
properties, and the addition of PA did not produce adverse 
effects in in vitro experiments. In vivo experiments 
showed that the nHA/PA composite scaffold had good 
biocompatibility and osteoconductivity with host bone. 
High water content, low-viscosity hydrogels provide a 
superior environment for cell growth, but the mechanical 
strength properties they provide are often insufficient to 
support in vivo analysis. Therefore, attempts have been 
made to create composite bioinks that can integrate 
the mechanical strength of viscous hydrogels with the 
biocompatibility provided by low-viscosity hydrogels.

3. Scaffold filament structure
With the development of technology and the demand of 
clinical applications, the overall performance requirements 

of 3D printed bone repair scaffolds are also increasing. 
In addition to the need for continuous improvement, 
mapping and configuration of printing materials, the 
spatial filament structure of 3D printed scaffolds which 
can directly affect the porosity and mechanical properties 
of the scaffolds has drawn much attention, indicating that 
the structure could be used in biomaterials. Therefore, 
it is important to design and develop microfilament 
structured scaffolds that are appropriately sized and meet 
clinical needs[84]. This section explores the latest state 
of research on the filament structure of 3D printed bone 
repair scaffolds and summarizes and lists the physical 
structure as well as the application characteristics of bone 
repair scaffolds (Table 2).

3.1. Classic structure
The classical scaffold structure defined in this paper is 
the most widely used 3D printed bone repair scaffold 
structure, in which the scaffold fibers are single 
cylindrical and cross-arrayed at a certain angle between 
layers, and assembled into a 3D scaffold after the 
printing parameters are regulated. The classical scaffold 
structure is characterized by easily adjustable printing 
parameters, simple scaffold preparation, high printability, 
high potential for secondary processing, and good 
development prospects. However, the classical structure 
of the scaffold type is single and cannot simulate the tissue 
structure more accurately. The printing slurry is mostly 
prepared by direct mixing, and thus, the performance of 
the material cannot be maximized, and it is still necessary 
to improve the scaffold performance by improving the 
printing technology.

Classical monolayer scaffold structures are mostly 
based on bioceramic materials with the auxiliary addition 
of certain binders or dispersants to the slurry. Shao 
et  al.[85] conducted a detailed study of the composition-
structure-strength relationship of the ceramic scaffold 
process using a one-step/two-step method (Figure 1A), 
which showed that the overall mechanical strength of the 
scaffold could be better balanced and the degradability 
could be adjusted using a two-step sintering method. 
Treatment of cartilage defects remains a great challenge in 
clinical practice, and Deng et al.[86] successfully prepared 
bioactive (BRT) scaffolds with controlled surface 
micro/nanostructures (Figure  1B), which significantly 
improved the scaffold’s compressive strength and 
promoted the simultaneous regeneration of cartilage and 
subchondral bone tissue, providing a sensible strategy for 
inducing cartilage regeneration. Wei et al.[87] successfully 
constructed hexagonal microarrays on the surface of 3D 
printed HA porous scaffolds by hydrothermal reaction 
and added Sr2+ to replace the crystal phase of HA in the 
surface microarrays (Figure 1C) to improve the surface 
morphology and chemical properties of the scaffolds, and 
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cellular experiments showed that the early osteogenic 
gene expression level of the scaffolds modified by Sr2+ 
was much higher than that of the blank group, and 
significant osteogenic effects can be observed. Li et al.[88] 
developed a scaffold structure for stereographic projection 
lithography based on micro mask image of HA/TCP slurry 
(Figure 1D) and found that the HA/TCP scaffold with 30 
wt% content exhibited superior mechanical properties and 
porosity with good biocompatibility in terms of biological 
characteristics and layered porosity. In their study, Wang 
et al.[89] prepared bone tissue engineering scaffolds 

(Figure 1E) with mechanical strength similar to that of 
human bone by cryogenic 3D printing of β-tricalcium 
phosphate and PLA/dichloromethane in osteogenic 
peptide (OP) emulsion slurry, and the angiogenic peptide 
(AP) containing COL type I hydrogel was coated on the 
scaffold surface to further provide angiogenic capability 
of the scaffold, and the sustained OP release significantly 
accelerated the rate of new bone formation. Pae et al.[90] 
investigated the biocompatibility and osteogenic effect of 
PCL scaffolds by adding β-TCP and COL membrane (M) 
to PCL material by high temperature printing (Figure 1F), 

Table 2. Summary of the characteristic of different structures in 3D bioprinted biodegradable bone repair scaffolds

Structure Features References
Classic Structure Easy parameter adjustment, simple preparation process, 

secondary processing potential
[82-86]

Double layer structure Effectively improve the mechanical strength of the stent 
and enrich the function of the stent

[5],[88-91]

Hollow structure Large pore structure for nutrient delivery and drug 
loading, providing space for blood vessel growth

[92-97]

Core-shell structure Ensures material independence, adjustable scaffold 
degradation rate

[98-101]

Bionic structures and 
others

Free shape customization based on defects, easy to load 
cells

[103-107]

Figure 1. Schematic diagrams of classical scaffold structures. (A) Optical images and Micro-CT images of CSi-Mg/TCP scaffold after 
sintering[85]. (Reprinted from Journal of the European Ceramic Society, 36, Shao H, He Y, Fu J, et al., 3D printing magnesium-doped 
wollastonite/β-TCP bioceramics scaffolds with high strength and adjustable degradation, 1495-1503, Copyright (2016), with permission 
from Elsevier) (B) Schematic diagram of the micro-nanostructure surface fabrication process of BRT scaffold[86]. (Reprinted from Deng C, 
Lin R, Zhang M, et al., Advanced Functional Materials, Copyright© 1999-2021 John Wiley and Sons, Inc). (C) Schematic diagram of HA 
scaffold surface morphology[87]. (from ref[87] licensed under Creative Commons Attribution 4.0 license) (D) Local SEM images of bionic 
HA/TCP[88]. (Bio-Design and Manufacturing, 3D printing of hydroxyapatite/tricalcium phosphate scaffold with hierarchical porous structure 
for bone regeneration, 3, 2020, 15-29, Li X, Yuan Y, Liu L, et al., © 2021 Springer Nature Switzerland AG. With permission of Springer). 
(E) Schematic diagram of low-temperature 3D printed and AP and OP cross-linked TCP/PLGA scaffolds[89]. (from ref.[89] licensed under 
Creative Commons Attribution 4.0 license). (F) Finished PCL (left) and PCL/β-TCP (right) scaffolds[90]. (Reprinted from Pae H, Kang J, 
Cha J, et al., Journal of Biomedical Materials Research Part B: Applied Biomaterials, Copyright © 1999-2021 John Wiley and Sons, Inc).
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and in vivo experiments showed that new osteogenesis 
could be observed on PCL+β-TCP, PCL+ β-TCP+M 
scaffolds, and the largest area of new osteogenesis was 
observed on the PCL+β-TCP+M scaffolds.

3.2. Double layer structure
In contrast to the classic support structure in the previous 
section, the two-layer structure can be realized by adjusting 
the printing parameters based on single-layer printing. That 
is, the printhead prints two layers in the same direction 
and then switches the angle and repeats the print. Unlike 
the single-layer structure printing, multi-material can only 
be printed by the way of mechanical mixing of the paste 
before printing, and double-layer printing can be achieved 
through multi-jet printing or direct stacking method to 
avoid the degradation of material properties caused by the 
mixing of multiple pastes.

Lin et al.[5] prepared a COL-HA scaffold by low-
temperature printing technique (Figure 2A) and analyzed 

to determine the optimal printing parameters, selecting a 
rod structure with a pore size at 600 μm to maintain the 
properties of most raw material, and the experimental 
results showed that the scaffold promoted the proliferation 
of bone marrow stromal cells in vitro and could be 
incubated for 7  days with significantly higher levels of 
osteogenic gene transcription than the blank control. 
Shao et al.[91] investigated the effect of one-step/two-
step sintering method on the physicochemical properties 
of Mg ion-doped CS scaffolds on the basis of bilayer 
printing (Figure 2B), the bilayer scaffolds had increased 
degradation rate due to their large pore diameter but 
slightly weaker compressive properties than the monolayer 
scaffolds, and then the two-step sintering significantly 
improved the scaffold compressive strength (~25104 
MPa) and flexural strength (~618 MPa). Jin et al.[92] doped 
calcium silicate powders with different mass fractions of 
Mg ions and used a bilayer printing (Figure 2C), and its 
compressive strength increased from 11.2 MPa to 39.4 
MPa and 80 MPa with the increase of Mg ions content. To 

Figure 2. Schematic diagram of bilayer scaffold structure. (A) Schematic diagram of CHA scaffold printing[5]. (Reprinted with permission 
from Lin K F, He S, Song Y, et al. Low-Temperature Additive Manufacturing of Biomimic Three-Dimensional Hydroxyapatite/Collagen 
Scaffolds for Bone Regeneration. ACS Applied Materials and Interfaces. 2016; 8(11):6905-6916. Copyright© 2016 American Chemical 
Society). (B) Schematic diagram of scaffold printing by LBL method[91]. Reprinted with permission from Shao H, Ke X, Liu A, et al., 
Biofabrication,2017; 9(2):025003, ©Copyright 2021 IOP Publishing (C) Schematic diagram of cell-carrying α-TCP/collagen scaffold 
printing[92]. (Reprinted from Journal of the European Ceramic Society, 36, Shao H, He Y, Fu J, et al., 3D printing magnesium-doped 
wollastonite/β-TCP bioceramics scaffolds with high strength and adjustable degradation, 1495-1503, Copyright (2016) with permission 
from Elsevier). (D) Schematic diagram of CSi+PVA+Metal ion bilayer scaffold[93]. (Reprinted from Journal of the Mechanical Behavior of 
Biomedical Materials, 104, Alksne M, Kalvaityte M, Simoliunas E, et al. In vitro comparison of 3D printed polylactic acid/hydroxyapatite 
and polylactic acid/bioglass composite scaffolds: Insights into materials for bone regeneration, Copyright© 2021, with permission from 
Elsevier) (E) Schematic diagram of PLA/PLA+HA/PLA+BG bilayer scaffold[94]. (From ref.[94] licensed under Creative Commons Attribution 
4.0 license).
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achieve higher osteoinductivity of bioceramic materials, 
Alksne et al.[93] prepared two bilayer scaffolds, that is, PLA 
+ HA and PLA + BG (Figure 2D); PLA + BG scaffolds 
were 15% more absorbent than other controls, provided 
better nutrient and protein uptake, and induced the earliest 
onset of ALP activity and the highest cellular activity, and 
a large amount of protein deposition was found on the 
surface of PLA + BG scaffold. Due to the high process 
ability of cell-carrying bioceramic scaffolds, Kim et al.[94] 
prepared α-TCP/COL scaffolds with ceramic volume 
fraction over 70% by modulating printing parameters 
using preosteoblasts (Figure  2E), which had a higher 
elastic modulus (~0.55 MPa) compared to the control 
group and a cell survival rate of over 91% (within 4 h), 
concluding that cell-laden ceramic scaffold is a potentially 
viable solution for bone regeneration.

3.3. Hollow structure
Compared with the conventional bone repair scaffolds 
with cylindrical filament structure or rectangular filament 
structure, the hollow structure scaffold possesses one 
or more pores that completely run through both sides 
of the scaffold, and the pores are usually distributed in 

parallel. The advantage of the hollow structure is that the 
scaffold has large porosity to facilitate the growth and 
flow of osteoblasts and growth factors, transport nutrients 
and load drugs, and its internal structure also provides a 
suitable space for the development of vascular growth.

Feng et al.[95] successfully prepared a lotus root-like 
bone repair scaffold with parallel multichannel structure 
(channel-struts-packed, 1-4CSP) using Mg yellow 
feldspar (Figure  3A). The porosity (80%) and specific 
surface area (~3.86 m2g−1) of the mimetic material were 
significantly higher, and micro-computed tomography 
results showed that the BV/TV values were significantly 
higher in the 3CSP group (12.6%) after 12  weeks of 
implantation. They found that the porous scaffold is more 
suitable for cell delivery and regeneration of large bone 
defects. The complexity of the hierarchical structure, 
the mechanical properties required and the diversity of 
bone resident cells are the major challenges in building 
bionic bone tissue engineering scaffolds. Zhang et al.[96] 
successfully fabricated a mimic havers bone scaffold 
with magnesium yellow feldspar as the raw material 
– an internal mesh structure with cylindrical pores, 
accompanied by multiple regularly distributed havers 

Figure  3. Schematic diagram of hollow structure scaffold. (A) Schematic diagram of Lotus-like structure scaffold[95]. (from ref.[95] 
licensed under Creative Commons Attribution 4.0 license). (B) Schematic diagram of Haversian-like bone scaffold structure[96]. (from 
ref.[96] licensed under Creative Commons Attribution Non-Commercial License 4.0 (CC BY-NC) (C) Schematic diagram of non-porous, 
monoporous and porous scaffold prepared from apatite material[97]. (Reprinted with permission from Wang X, Lin M, Kang Y. Engineering 
Porous β-Tricalcium Phosphate (β-TCP) Scaffolds with Multiple Channels to Promote Cell Migration, Proliferation, and Angiogenesis. 
ACS Applied Materials and Interfaces. 2019; 11(9):9223-9232. Copyright© 2019 American Chemical Society) (D) Schematic diagram 
of nut-like scaffold structure prepared from NICE bioink[98]. (Reprinted with permission from Chimene D, Miller L, Cross L M, et al. 
Nanoengineered Osteoinductive Bioink for 3D Bioprinting Bone Tissue. ACS Applied Materials and Interfaces. 2020; 12(14):15976-
15988. Copyright© 2020 American Chemical Society) (e) Schematic diagram of scaffold composed of highly microporous hollow filament 
structure[99]. (Reprinted from Journal of the European Ceramic Society, 35(16), Moon Y W, Choi I J, Koh Y H, et al., Macroporous alumina 
scaffolds consisting of highly microporous hollow filaments using three-dimensional ceramic/camphene-based co-extrusion, 4623-4627., 
Copyright © 2015, with permission from Elsevier) (F) Schematic diagram of GelMA porous gel scaffold[100]. (From ref.[100] licensed under 
Creative Commons Attribution 4.0 license).
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tubes (Figure 3B), and the compressive strength (9.67 – 
26.72 MPa) and bending strength (15.21 – 21.12 MPa) 
of the scaffold could be well controlled by changing the 
parameters of the bone-mimicking structure to simulate 
the bone growth process, and the scaffold demonstrated 
the ability to induce new bone formation, angiogenesis 
and neurogenic differentiation and accelerate the growth 
of blood vessels in in vitro experiments, indicating that 
multi-cellular delivery has great potential. Wang et al.[97] 
prepared a porous β-tricalcium phosphate scaffolds with 
channel less, single-channel, and multi-channel structures 
based on a single-layer cylindrical scaffold (Figure 3C), 
which can achieve better cellular penetration and 
enhanced vascularization using interconnected channels 
and pores in the scaffold to facilitate nutrient transport. 
The macrostructure and microsurface topography of the 
implant play an important role in bone tissue regeneration. 
Chimene et al.[98] developed a gelatin methacrylate 
(GelMA) slurry based on nanoengineered ionic-
covalent entanglement in a nut-like scaffold structure 
(Figure 3D). With the increasing GelMA concentration, 
the compressive strength and toughness also increases 
(103  kPa, 78  kJ/m3  (7.5 wt%). It also showed high 
printability, excellent enzymatic degradability (no more 
than 20% degradation in 60  days), and osteoinductive 
properties. Moon et al.[99] designed 3D printed scaffolds 
with hollow structures using alumina powder with a 
particle size of 0.3 μm and camphene (Figure 3E), and 
the scaffold had a compressive strength of approximately 
5.4 MPa and a porosity of up to 86%, and the resulting 
alumina filaments exhibited a highly microporous 
structure that could effectively stimulate cell-matter 
interactions to induce new bone shapes. Ye et al.[100] 
prepared hollow-structured gel scaffolds using GelMA 
(Figure  3F) to assess biocompatibility and neuronal 
differentiation by culturing PC-12 cells and neural crest 
stem cells in vitro, and coculture experiments showed 
that the average cell viability of nerve guidance conduits 
with different inner diameters was 97.2%, 95.6%, and 
95.1%, and close to 100%, respectively, and PC-12 cells 
on GelMA scaffolds did not show any cytotoxic effects.

3.4. Core-shell structure
Adopting a physical structure similar to that of fiber optic 
cables, the core-shell structure consists of two types of 
slurry – internal and external, and is divided in different 
tubes and extruded in the form of a shell material closely 
covering the core material. Most of the common core-
shell structured supports are manufactured by coaxial 
dual-jet printing devices. The core-shell structure is 
characterized by the independence of the printing paste in 
the pre-printing process and inside the molded scaffold, 
which allows the scaffold to have degradability and 
bioactivity with adjustable fast and slow rates.

Ke et al.[101] prepared scaffolds with core-shell 
structure using β-tricalcium phosphate/β-calcium 
silicate (Figure 4A) with different combinations (CaSi@

CaP, CaP@CaSi, CaSi, and CaP), and by adjusting the 
composition distribution, it was found that CaSi@CaP 
showed a faster degradation rate within 7 – 14  days 
(35%), while CaP@CaSi microspheres showed excellent 
surface bioactivity and osteogenic activity (BV/TV, 
33%). Pistry et al.[102] used alginate gel or alginate/
poly(ethylene glycol) diacrylate hybrid hydrogel as the 
scaffold shell in coaxial printing, and the core material 
was separately used in three hydrogels encapsulating 
different cells (3T3-GelMA, HepG2-COL, and human 
umbilical vein endothelial cells [HUVEC]-Matrigel) 
(Figure  4B). The experimental results showed that 
the scaffold had good mechanical properties (elastic 
modulus up to 500 kPa) after the addition of PRGDA to 
the alginate gel, and the cells on the scaffold as a whole 
exhibited high biological activity, which remained above 
90% after 28 days of in vitro culture. Taymour et al.[103] 
developed a core-shell structure scaffold using alginate 
and methylcellulose to loaded hepatocytes through a 3D 
extrusion-based bioprinting method (Figure 4C), which 
effectively constructed a microenvironment that allowed 
coculture of hepatocytes with other liver-specific cells. 
Jin et al.[92] prepared a calcium silicate core-shell structure 
scaffold containing different mass fractions of Mg ions 
by a coaxially aligned bilayer nozzle device (Figure 4D), 
and the presence of Mg increased the compressive 
strength of the scaffold from 39.4 MPa (CSi-Mg4) to 80 
MPa (CSi-Mg10), and the degradation rate of CSi-Mg10 
after 6 weeks was only 4.3%. Hong et al.[104] prepared a 
gelatin-polyethylene glycol-tyrosamine-based core-shell 
structure based on a coaxial extrusion device using a one-
step gel bioprinting method (Figure  4E), and achieved 
radial distribution of multiple vascular cells by loading 
HUVECs with human dermal fibroblasts in tyramine, 
demonstrating that one-step generation of the idea of 
vascular structures is feasible.

3.5. Bionic structures and others
In addition to the four main structures mentioned above, 
the overall structure of the scaffold can be customized 
to fit the shape of the defect or to simulate the organ 
contour, depending on the skeletal defect and the need 
for functionality of the scaffold. For example, to repair 
bone defects more efficiently and precisely, designers try 
to print scaffolds into bionic structures such as meniscus-
shaped and ear-shaped. To address the defects in patients’ 
bodies more specifically, scaffolds are often designed into 
special structures such as boat-shaped, spring-shaped, 
and scroll-shaped, which can easily encapsulate cells and 
growth factors or load other drugs[105].

Inspired by the rosette structure, Han et al.[106] prepared 
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a porous structures encapsulating deferoxamine (DFO)
liposomal hydrogel microspheres using a combination 
of microfluidic and light-curing techniques (Figure 5A). 
About 36% of DFO was released within the first 6 h and 
69% after 7  days, and the expression of osteogenesis-
related proteins such as HIF1-α, CD31, OPN, and OCN 
in the rat femoral defect model were effectively promoted, 
thereby significantly cutting down the time of bone 
repair. Meanwhile, Gao et al.[107] attempted to prepare 
3D hydrogel vascular structures with multi-level fluid 
channels by extruding hollow structured sodium alginate 
filaments loaded with fibroblasts and smooth muscle cells 
through a coaxial nozzle (Figure  5B), which improved 
the overall mechanical strength of the scaffold, and L929 
mouse fibroblasts encapsulated in the structures attained 
over 90% survival within 1  week. In addition to the 
encapsulation of cells or drugs in the slurry, researchers 
have used different post-processing methods to explore 
the structural and performance aspects of 3D printed 
scaffolds. Ma et al.[108] developed a high-precision rapid 
3D bioprinting technique using biohydrogel (GelMA) as a 
substrate to combine two types of cells in a complementary 
mode, and constructed a bionic 3D liver tissue model by 

photopolymerization of the hydrogel matrix (Figure 5C). 
The scaffolds exhibited good biocompatibility with only 
9% reduction in cell survival after 1  week of printing. 
In addition, the liver genes in 3D cultivation mode were 
higher than two-dimensional (2D) monolayer culture. 
Xie et al.[109] prepared a complex 3D structure such as 
ear-like, nasal, and multi-hollow chamber-like using 3D 
bioluminescent printing (Figure 5D) that possesses higher 
biocompatibility and combines GelMA with conventional 
microfluidic chips in a double cross-linking method. In 
addition, scaffolds can also be used as suitable models for 
in vitro drug screening, cell interaction studies, etc. By 
encapsulating cells in a chip, Xue et al.[110] successfully 
prepared a graphene oxide/chitosan/calcium silicate (GO/
CTS/CS) bioactive scaffold by a “bottom-up” approach 
(Figure 5E), and the interaction between the GO/CTS/CS 
laminar microstructure interfaces and the multilayer helical 
columnar structure of the calcium silicate biomaterials 
resulted in high bending strength, compressive strength, 
toughness, and specific strength. The expression level of 
osteogenic genes was higher than those of the blank group 
(~150%), and significant osteogenic effects could be seen 
after 8 weeks of in vivo experiments.

Figure 4. Schematic diagram of the core-shell structure scaffold. (A) SEM images of CaSi, CaP core-shell structure[101]. (Reprinted with 
permission from Ke X, Zhuang C, Yang X, et al. Enhancing the Osteogenic Capability of Core-Shell Bilayered Bioceramic Microspheres 
with Adjustable Biodegradation, ACS Applied Materials and Interfaces. 2017; 9(29):24497-24510, Copyright © 2017 American Chemical 
Society) (B) Schematic diagram of GPT-50 and HUVEC hybrid scaffold printing[102]. (Reprinted from Pistry P, Aied A, Alexander M, 
et al., Macromolecular Bioscience, Copyright © 1999-2021 John Wiley and Sons). (C) Printed schematic of the cell-loaded hydrogel 
core-shell structure scaffold[103]. (from ref.[103] licensed under Creative Commons Attribution 4.0 license). (D) Schematic diagram of the 
CSi+PVA+Metal ion core-shell structure scaffold[92]. (Reprinted from Journal of the European Ceramic Society, 36, Shao H, He Y, Fu J, et 
al., 3D printing magnesium-doped wollastonite/β-TCP bioceramics scaffolds with high strength and adjustable degradation, 1495-1503, 
Copyright (2016), with permission from Elsevier) (E) Printed schematic of the GelMA-loaded dual-cell scaffold[104]. Reproduced from 
ref.[104] with permission from The Royal Society of Chemistry.
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4. Composite function
With the development of tissue engineering technology, 
biomedical scaffolds used in clinical practice are 
constantly updated[111-116]. 3D printed scaffolds are widely 
used in regenerating tissues and organs such as skin, 
nerve, bladder, bone, and blood vessels[117-119]. However, 
it is still difficult to prepare ideal 3D printable scaffolds 
that promote tissue regeneration[120]. 3D bioprinting, 
a recently developed biomanufacturing technology, 
addresses this challenge by providing unprecedented 
manufacturing precision by a highly controllable 
mechanical manufacturing mechanism[121]. Bioprinting 
technology is controlled by a computer-aided design 
system and can manufacture a variety of complex 
microstructures layer by layer. Cell printing is one of 
the more widely used 3D bioprinting methods that 
can overcome the drawbacks of conventional cell-free 
printed 3D scaffolds by loading cells in bioink. Using 

a cell-filled hydrogel as the bioink, cell printing can 
print any cells needed directly within the scaffold area to 
prepare 3D cell scaffold structures with cell proliferation 
and differentiation[122-127].

However, bioprinting of cellular structures faces 
significant obstacles, including the impact of different 
materials on maintaining mechanical properties at 
micro- and macro-scopic scales, achieving tissue designs 
with biological specificity, developing methods to 
obtain and expand functional cells from stem cells, and 
connecting bioprinted tissues to the physiological vascular 
system. The initial success of clinical applications of 
3D bioprinting for the preparation of active tissues 
was attributed to the relatively simple geometry of the 
prepared active tissues. Based on this perspective, we 
provide an overview of recent advances in bio-3D printed 
active scaffolds and a generalized enumeration of their 
main functions.

Figure  5. Schematic diagrams of other scaffold structures. (A) Schematic diagram of GML+TGL material mimic lotus pod scaffold 
structure[106]. (From ref.[106] licensed under Creative Common Attribution-NonCommercial-NoDerivatives 4.0 International (CC BY-NC-
ND 4.0) (B) Schematic diagram of cell-carrying spring-like scaffold structure[107]. (Reprinted with permission from Gao Q, Liu Z, Lin 
Z, et al., 3D Bioprinting of Vessel-like Structures with Multi-level Fluidic Channels, ACS Biomaterials Science and Engineering. 2017; 
3(3):399-408. Copyright© 2017 American Chemical Society) (C) Schematic diagram of hexagonal mimic scaffold structure[108]. Reprinted 
with permission from Ma X, Xin Q, Wei Z, et al. Deterministically patterned biomimetic human iPSC-derived hepatic model via rapid 3D 
bioprinting. Proceedings of the National Academy of Sciences. 2016; 113(8):2206. (D) Light microscope images of multi-shape GelMA[109]. 
Adapted from Xie, M., Yu, K., Sun, Y., Shao, L., Nie, J., Gao, Q., Qiu, J., Fu, J., Chen, Z., He, Y. Protocols of 3D Bioprinting of Gelatin 
Methacryloyl Hydrogel Based Bioinks. J. Vis. Exp. (154), e60545, doi:10.3791/60545 (2019) (E) Schematic diagram of multi-layered helical 
cylindrical scaffold structure[110]. Reprinted with permission from Xue J M, Feng C, Xia LG, et al. Assembly Preparation of Multilayered 
Biomaterials with High Mechanical Strength and Bone-Forming Bioactivity. Chemistry of Materials. 2018; 30(14):4646-4657, Copyright© 
2018 American Chemical Society.
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4.1. Cartilage
The skeletal system consists primarily of bones, cartilage, 
and bands of fibrous connective tissue (i.e.  tendons and 
ligaments). Cartilage is a highly specific tissue with no 
blood supply, nerve tissue, or lymphatic vessels, and 
once injured, it cannot regenerate spontaneously in the 
body[128]. Calcified cartilage is found in the deepest part of 
the natural cartilage tissue, connecting the cartilage to the 
underlying subchondral bone[129]. Cartilage defects usually 
include damage to surface articular cartilage, intermediate 
calcified cartilage, and deep subchondral bone[130]. Driven 
by the growing medical demand, the number of patients 
requiring functional bone grafting is also increasing, with 
at least 500,000  patients receiving bone defect repair 
annually worldwide[131]. Therefore, bioprinting of skeletal 
tissues such as cartilage is one of the main areas of 
interest in the field of tissue engineering and regenerative 
medicine. In contrast, traditional treatment methods are 
complicated and not only lead to a lack of biomechanical 
function of fibrocartilage, but also have limitations in 
terms of cost and side effects. With the development of 
cartilage engineering, the construction and grafting of 
cartilage composites is considered an effective method to 
treat osteochondral (OC) defects[132,133].

Recently, Chen et al.[134] designed and successfully 
fabricated a three-layer gradient cartilage scaffold by 
physical cross-linking, photo-cross-linking, and chemical 
cross-linking for the 1st  time, and the addition of nHA 
effectively improved the tensile properties of the scaffold 
(up to 160 kPa). With the increase of nHA concentration, 
the compressive strength of the scaffold also increased, 
and the compressive strength of nHA scaffold with 70% 
nHA content can reach 0.65 MPa, which is about 5 times 
of 40% nHA content. The ICRS (International Cartilage 
Repair Society) score was the highest in the 70% nHA 
+ BMSC group. Sun et al.[135] printed gradient scaffolds 
with PCL and wrapped BMP 4 and TGF-β3 into PLGA 
microspheres, and encapsulated them into hydrogels along 
with bone marrow MSCs (BMSCs), which were injected 
into the PCL fiber gap. To better simulate the full cartilage 
structure, the deepest layer was the hydrogel wrapped with 
BMP4, while the upper layer was the hydrogel wrapped 
with TGF-β3. The characterization results showed that the 
scaffold had well connectivity and biocompatibility, and 
the PCL support structure provided a suitable environment 
for cell distribution, nutrient supply, and proliferation and 
differentiation. In addition, the gradient scaffold formed 
bone-like tissue (4 times that of the non-gradient scaffold) 
in whole layers after 12 weeks of in vitro culture, and its 
Young’s modulus and mechanical properties were close 
to those of normal cartilage tissue. Diloksumpan et al.[136]  
integrated hydrogel, ceramic, and polymer materials to 
fabricate a calcium phosphate-based bioceramic ink into 
a subchondral bone substitute using extrusion printing, 

followed by a near-field direct writing technique to prepare 
polymer meshes immobilized in the ceramic ink and 
embedded in cell-laden GelMA (Figure 6C). The several 
microfiber structures prepared as crosslinker resulted 
in more than 6.5-fold increase in bond strength at the 
hydrogel-ceramic interface, and the Melt Electrowriting 
lattices imparted cartilage structures with compressive 
properties close to those of natural cartilage (20 times that 
of the original hydrogel), in addition, cells remained viable 
within the microfiber reinforced GelMA and the deposition 
of cartilage-like extracellular matrix was observed in both 
structures after 6 weeks of culture. Kim et al. and Hong 
et al.[137,138] synthesized a light-curable bioink material, that 
is, glycidyl methacrylate modified silk protein (Sil-MA), 
for the 1st time. It was found that the compressive modulus 
increased about 2.6 times for every 10% increase in Sil-
MA concentration, and the compressive breaking stress 
was up to 910 kPa and the tensile fracture stress was up 
to 50 kPa for a 30% concentration of Sil-MA hydrogel; an 
extended epithelial matrix was found around the Sil-MA 
hydrogel in rabbit tracheal defect experiments, confirming 
that the Sil-MA hydrogel replaced the defective part of the 
trachea part of the trachea and guided the regeneration of 
the trachea.

4.2. Vascular
Bone tissue repair requires nutrient and oxygen delivery 
and the ability to remove waste products in a timely 
manner to maintain necessary functions and nutrient 
supplies[139-141]. Therefore, the introduction of vascular-
like structures is a prerequisite for the successful 
design of functional tissues suitable for regeneration 
and the construction in in vitro models[142]. Achieving a 
directed design of vascular growth structures remains 
a great challenge, and pre-creating microstructures 
with customized microtissues (e.g.  interconnected 
microchannels) to mimic the vascular system that 
provides a survival environment for the surrounding 
stromal cells remains a feasible solution.

To achieve this goal, researchers have explored cell-
laden printing techniques to ensure precise control of the 
spatial arrangement of vascular cells in the matrix. Jia 
et al.[143] used bioinks made of GelMA, sodium alginate 
and 4-arm poly(ethylene glycol)-tetra-acrylate to deposit 
implantable vascular structures with highly ordered 
arrangements in one step by a coaxial extrusion device. 
The percentage of surviving cells under UV experiments 
exceeded 80%, and longer UV irradiation reduced the 
scaffold degradation rate. Suntornnond et al.[144] designed 
and fabricated highly printable hydrogel composites 
using Planic-127 and GelMA to prepare mimic vascular-
like scaffold structures by 3D extrusion-based printing 
method, and in vitro evaluation showed that after 7 days 
of co-culture, the highest number of cells survived 
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(nearly 20% more) at a Planic-GelMA ratio of 2:1, and 
the hydrogel composite with this ratio provided a good 
platform for cell attachment and proliferation. Non-
scaffold vascular-like structures are evolving as potential 
vascular alternatives through 3D bio-direct printing 
technology. Zhang et al.[145] used sodium alginate solution 
as a printing ink and formed vascular-like structures 
through coaxial printing by physical cross-linking using 
calcium chloride solution. Compared to conventional 
scaffold structures with a 21% reduction in volume, 
the lubricin gene PRG-4 also showed over a twofold 
higher expression in hollow fibers after encapsulation of 
cartilage progenitor cells.

4.3. Drug-carrying antibacterial
Malignant bone tumors mainly include osteosarcoma, 
chondrosarcoma, and Ewing sarcoma[146-148]. At present, 
a combination of surgical resection, chemotherapy, and 
radiotherapy is often used for malignant bone tumors, 
and this treatment has significantly improved the overall 
survival rate of patients in the last 5 years[149]. However, 
surgical resection cannot completely eliminate tumor 
cells and can lead to bone defects, and chemotherapy 
and radiotherapy may induce side effects such as drug 
resistance and radiation resistance in normal tissues. 
To address these long-standing challenges for patients, 
researchers have worked to develop bone repair scaffolds 
that have antimicrobial properties and inhibit the growth 
of tumor cells.

Bioceramic materials are widely used in the repair 
of tissue defects in bone, teeth and skin due to their 
ability to induce tissue regeneration and regulate cell 
growth and functional differentiation. In recent years, 
it has been found that composite scaffolds made of 
bioceramic materials and materials which containing 
tumor growth inhibitors can not only keep the growth of 
tumor cells, but also further repair bone defects caused by 
surgery[150-152]. Mehdi et al.[153] prepared a gelatin/β-TCP 
composite scaffold, and in vivo experiments showed that 
the rate of new bone formation throughout the defective 
area was more than 75% after 3 – 4 months, the scaffold 
was further treated by adding zoledronic acid which 
inhibits tumor cell growth and the gelatin/β-TCP scaffold 
structure could modulate the release of drugs in vivo for 
therapeutic effect.

In recent years, photothermal therapy (PTT), 
a minimally invasive and highly effective antitumor 
approach, has been shown in numerous clinical trials to 
improve the effectiveness of tumor treatment and reduce 
side effects[154-156]. PTT requires ablation of tumor tissue 
by induced thermotherapy with the help of photothermal 
agents. Wang et al.[157] developed a new bifunctional 
biomaterial (MS-AKT scaffold) with photothermal 
therapeutic ability and bone regeneration ability, and 

based on the in vivo experiments, 89% of tumor cells 
in the MS-AKT group were necrotic, which was much 
higher than other controls. This bifunctional scaffold was 
able to treat tumors and promote bone growth, providing 
a promising clinical strategy for the treatment of tumor-
induced bone defects. Liu et al.[158] used Darvan821-A 
as a size controlling agent and dispersant for the 1st time 
during HA synthesis to prevent the formation of particle 
aggregates throughout the COL matrix, resulting in COL-
nHA scaffolds with excellent rheological properties and 
great potential for precise tailoring of scaffold shape. 
In addition, inhibition of tumor cell growth can also be 
achieved by incorporating materials with photothermal 
properties in the scaffold to control temperature changes 
under infrared irradiation. Wang et al.[159] prepared a series 
of black bioceramic powders with good biocompatibility 
by magnesium thermal reduction, and the presence of 
a large number of oxygen vacancies inside the crystals 
improved the degradation properties of the scaffold 
materials and the adhesion effect for osteoblasts and skin 
cells. Under low-power infrared irradiation, the black 
bioactive ceramic scaffolds demonstrated a significant 
photothermal warming effect, and the survival rate of 
LM8  cells was only 0.98% at 25  min after irradiation. 
Bo et al.[160] combined copper ion-ligated meso-Tetra(4-
carboxyphenyl) porphine (Cu-TCPP) with tricalcium 
phosphate ceramic scaffold material to make Cu-TCPP-
TCP composite scaffold, and based on the in vitro 
experiments on PTT, 20Cu-TCPP-TCP scaffold had only 
10% bone tumor cell activity under near-infrared light 
irradiation.

5. Conclusions
In summary, this paper points out that the standard of 
bone repair scaffolds within the field of tissue engineering 
is getting higher. Conventional bone repair scaffolds can 
no longer meet the high standards and requirements of 
clinical applications in terms of preparation process and 
service performance. A  wide range of researchers are 
dedicated to exploring the diversity of scaffold structures 
and functions and developing bioprinting technologies to 
improve the filament structure, material composition and 
scaffold functions in terms of printing paste, preparation 
process, and scaffold structure in order to build bone 
repair scaffolds that meet modern clinical requirements. 
In terms of material composition, bioceramics as the 
traditional bone repair scaffold material have been the 
first choice of researchers, but the unchanging ceramic 
scaffold cannot meet the clinical needs of contemporary 
society. The introduction of polymeric materials has 
greatly improved the biocompatibility and printability 
of scaffolds. Some materials in polymers, such as 
hydrogel, COL, and PLA, have good viscoelasticity 
as well as biocompatibility, and it can be introduced 
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into the scaffold as an outer membrane to wrap growth 
factors and functional cells with different functions. 
In terms of spatial structure, attempts were made to 
improve the classical structure by creating microporous 
or hydrothermally generating nano-layers on the scaffold 
surface; bilayer structure can improve the mechanical 
properties as well as ensure the independence of the slurry 
while printing multiple materials; core-shell structure 
can intelligently adjust the degradation rate of the 
scaffold materials; and hollow structure provides more 
space for the growth of blood vessels and nerve tissues 
on the basis of increasing the porosity. There were also 
some specific scaffolds designed on the basis of bionic, 
which can repair human bone defects more precisely 
and efficiently after implantation. In terms of biological 
functions, to meet the growing clinical demands, bone 
repair scaffolds are endowed with antibacterial, tumor 
suppressive, slow drug release, and tissue regenerative 
properties in addition to meeting the basic osteogenic 
requirements, which help facilitate maximal recovery 
while meeting the requirements of bone repair.

The market scale of bone repair devices sees a 
continuous expansion while the patients’ requirements 
for post-operative living standards and the structural 
and functional diversity of bone repair scaffolds have 
gradually increased. The future development can be 
concluded in different aspects:
1.	 In future, the bone repair scaffold is not only similar 

to bone tissue in terms of chemical composition 
(e.g.  bioceramics, polymers, cells, and growth 
factors), but also in terms of physical structure which 
can simulate the shape of bone defects and human 
tissue mechanism from a bionic perspective to 
achieve precise repair and shorten osteogenesis time 
(e.g. more microscopic Haver’s canal, and vascular 
tract).

2.	 Building a balance between mechanical and 
biological properties of the scaffold. Scaffolds with 
good mechanical properties have a high specific 
gravity of bioceramics, which is detrimental to cell 
viability; scaffolds with eximious cell viability tend to 
be polymer-based and require sacrificing mechanical 
properties.

3.	 Composite materials have become the first choice 
for the preparation of bone repair scaffolds. With 
the gradual increase in the number of scaffold 
components, it remains a challenge to ensure that 
the advantageous properties of each material and the 
value of the material are maximized.

4.	 More functions are given to the bone repair scaffold 
according to sites and physiological regions. For 
example, the function of loading drugs can cure bone 
tumors with long-lasting stability; the function of 
scaffold can be expressed under microenvironmental 

changes such as pH, electric field, magnetic field, and 
temperature.

5.	 After continuous optimization and efforts to bring 
bone repair scaffolds into clinical treatment, a 
marketable clinical application of bone repair 
scaffolds will be of interest in the future in the field 
of tissue engineering.

6.	 The concept of four-dimensional (4D) printing, which 
gives the scaffold structure the property of changing 
over time, opens up a new vision of scaffold function 
from a new dimension, and the customized spatial 
arrangement of cells and the activity of cells during the 
printing process, will be the topics of future research.
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