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3D printing technology is an emerging technology. It constructs solid bodies by stacking materials layer by layer,
and can quickly and accurately prepare bone tissue engineering scaffolds with specific shapes and structures to
meet the needs of different patients. The field of life sciences has received a great deal of attention. However,
different 3D printing technologies and materials have their advantages and disadvantages, and there are limi-
tations in clinical application. In this paper, the technology, materials and clinical applications of 3D printed bone

tissue engineering scaffolds are reviewed, and the future development trends and challenges in this field are

prospected.

1. Introduction

Although bone has a strong ability to repair itself [1], it cannot
completely repair large-volume bone defects, nor can it completely repair
articular cartilage damage caused by trauma, infection and aging. Bone
defect and osteoarthritis are the main reasons for clinical bone repair and
transplantation [2]. At present, the main methods of bone trans-
plantation include: autologous bone transplantation, allogeneic bone
transplantation, xenograft bone transplantation and artificial bone
transplantation. Allogeneic bone transplantation and artificial bone
transplantation are prone to immune rejection in the above methods.
Compared with other bone sources, autologous bone is the most ideal
material for the treatment of bone injury, but the source of autologous
bone is limited, and it will cause secondary damage to patients, resulting
in poor treatment [3,4], which cannot meet clinical needs.

The proposal of bone tissue engineering provides a new idea for this
problem. The basic starting point of bone tissue engineering is to achieve
bone repair and regeneration using “induced osteogenesis” rather than
simply using “crawling replacement”. Traditional preparation methods
include solution casting/ion washing, in-situ molding, electrospinning,
phase separation/lyophilization, gas pore forming, etc. [5,6], although
these processes have also achieved satisfactory results. However, the

precise control of the scaffold material and pore structure cannot be
achieved, and the structural shape cannot be completely matched with
the anatomical structure of the bone defect, so that the preparation of
personalized implants cannot be realized. In recent years, with the
in-depth study of bone tissue engineering, the preparation of scaffold
materials and their preparation methods have gradually become the
focus of research [7].

As a technology that can prepare bone tissue engineering scaffolds,
3D printing effectively makes up for these deficiencies, and has quickly
been widely used in scaffold molding. 3D printing technology was first
reported by Emanual Sachs of MIT in 1989. It is a kind of rapid proto-
typing technology, also known as additive manufacturing. Its working
principle is based on discrete, accumulation molding theory combined
with computer-aided design, numerical control technology, biological
materials, etc. It is a new digital molding technology that can accurately
and quickly manufactures materials into 1:1 models based on the prin-
ciple of layered manufacturing and layer by layer superposition [8]. The
process of preparing the bone scaffold is as follows: first, the
three-dimensional data of the repair site is obtained by CT scan or
magnetic resonance imaging, and then the three-dimensional model is
“sliced” with CAD software to obtain the data of each layer and imported
into the 3D printing system. Finally, the device prepares the bone scaffold
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by stacking the materials layer by layer according to the layered data.
At present, the research on the application of 3D printing technology
in the treatment of bone defect diseases at home and abroad has achieved
good results [9-11]. The bone tissue scaffold prepared by 3D printing
technology can restore the original anatomical structure of the patient's
wound to the greatest extent and precisely adjust the pore size inside the
scaffold [12-14]. Based on 3D printing technology, the reconstruction of
bone and cartilage combined with active substances such as cells and
growth factors have also become available with more and more materials
with good biocompatibility, strong osteoinductivity and stable mechan-
ical properties possibly (Fig. 1) [15-18]. This article reviews six main-
stream production process, and several mainstream 3D printing
materials, and their respective advantages and disadvantages are listed.

2. 3D printing bone tissue engineering scaffold technology

At present, the 3D printing technologies used in the preparation of
bone tissue scaffolds mainly include Fused Deposition Modeling (FDM),
Selective Laser Sintering (SLS), Stereolithography (SLA), Electron Beam
Melting (EBM), 3DP technology and biological 3D printing, which has
attracted a lot of attention in recent years.

2.1. Fused Deposition Modeling (FDM)

Fused Deposition Modeling, also known as Fused Lamination
Modeling, is a technology that heats and melts filamentous hot-melt
materials, and at the same time, under the control of a computer, the
three-dimensional nozzle selectively coats the material on the workbench
according to the cross-sectional profile information. After rapid cooling, a
layer of the cross-section is formed. After the formation of one layer is
completed, the machine table descends a height (that is, the thickness of
the layer) and then forms the next layer until the entire solid shape is
formed (Fig. 2).

The raw materials used in the fusion lamination technology are
usually heat-shrinkable polymers, including ABS, polyamide, polyester,
polycarbonate, polyethylene, polypropylene, and the like. Jensen et al.
[20] used polycaprolactone as a material to prepare a porous 3D printed
scaffold by fused deposition technology and applied it to the study of
porcine calvarial defects, and found that the bone defect showed good
bone continuity. Abdullah et al. [21]prepared bioceramic teeth with
zirconia and p-tricalcium phosphate by fusion deposition technology, and
found that the specific craniofacial implant had good mechanical
strength and biocompatibility. The advantage of FDM lies in its simple
manufacture and low cost, but the printed scaffold is not ideal in terms of
accuracy and surface quality, and high temperature may destroy the
chemical composition of the raw material. It is not stable enough, so the
fusion lamination molding technology is less used in the field of rapid
prototyping that requires high precision, and this technology cannot
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Fig. 1. Schematic illustration of scaffold with cells/drugs or biomolecules' for-
mation [19].
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Fig. 2. Scheme illustration of FDM [19].

print growth factors, proteins, and cells, which limits its further appli-
cation in medical scaffolds [22-25].

In recent years, although the pure polyester scaffolds made by the
fusion lamination method have a certain osteogenic effect in animal
experiments, the mechanical strength and degradability of the scaffolds
are still unsatisfactory [26]. Studies have shown that the scaffold made of
polyester and inorganic particles has obvious advantages [27]. Schantz
et al. [28]used a mixture of polycaprolactone and calcium phosphate as
scaffold materials to prepare polycaprolactone-calcium phosphate scaf-
folds by fusion lamination technology. Compared with the simple poly-
caprolactone scaffold, the degradation rate and mechanical strength of
the hybrid scaffold are significantly improved. Xu et al. [29]used
CT-guided fused deposition modeling to prepare poly-
caprolactone/hydroxyapatite three-dimensional artificial bone, imitating
the natural goat femur (Fig. 3). It is a simple, convenient and relatively
low-cost method that suitable for making artificial bone. In addition, the
polycaprolactone/hydroxyapatite artificial bone prepared by this tech-
nology is closer to the mechanics of natural bone, has good cell
biocompatibility and biodegradability in vitro, and has appropriate new
bone formation ability in vivo. Therefore, poly-
caprolactone/hydroxyapatite three-dimensional artificial bone may be
used in the treatment of patients with clinical bone defects.

2.2. Selective Laser Sintering (SLS)

The raw materials of Selective Laser Sintering are mostly powdery
substances. At present, the mature process materials are wax powder and
plastic powder, and the process of sintering with metal powder or
ceramic powder is still under study. During processing, the powder is first
preheated to a temperature slightly lower than its melting point, and then
the powder is flattened under the action of a leveling stick. Under the
control of the computer, the laser beam is selectively sintered according
to the information of the delamination section. After one layer is
completed, the next layer is sintered. Finally, remove the excess powder.
In this way, a sintered part can be obtained (Fig. 4). [30-32].

Chen et al. [33] applied selective laser sintering technology combined
with AM method to build a three-dimensional polycaprolactone scaffold
with good macroscopic and microscopic features. Roskies et al. [34]used
selective laser sintering technology to prepare 3D trapezoidal porous
scaffolds and implanted them in the mandibular defect of New Zealand
rabbits, and found that the scaffolds had a good effect on jaw recon-
struction. Wanibuchi et al. [35]reconstructed a three-dimensional tem-
poral bone model trained by skull base surgery through selective laser
sintering technology. The model is highly specific to the surgical patient
and has great guiding significance for the surgeon's preoperative
planning.
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Fig. 3. Fabrication and characterization of 3D artificial bones. (A) CT data of
normal goat leg. (B) Sectional image of 3D model of normal goat leg by CT
reconstruction from A. (C) Sectional image of 3D bony structure of goat femur.
(D) Typical long (1.5 cm) load-bearing femur bone model. (E) Left and right
images show the designed alternate slices used to fabricate 3D artificial bones.
(F) The prepared PCL/HA 3D artificial bones. (G) SEM image of PCL/HA 3D
artificial bone surface. The upper-right image is magnified from the corre-
sponding area. (H) SEM image of cross-section of PCL/HA 3D artificial bones.
The upper-right image is magnified from the corresponding area. (I) Typical
force—displacement curves of artificial and natural bones. (a) Adult goat femur,
(b) BAM artificial bone, (¢) PCL 3D artificial bone, and (d) PCL/HA 3D artificial
bone. Reprinted with permission from Xu, N.; Ye, X.; Wei, D.; Zhong, J.; Chen,
Y.; Xu, G.; He, D. 3D Artificial Bones for Bone Repair Prepared by Computed
Tomography-Guided Fused Deposition Modeling for Bone Repair. ACS Applied
Materials and Interfaces 2014, 6, 14,952-14963. Copyright 2014 American
Chemical Society.
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Fig. 4. Scheme illustration of SLS [19].
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In addition, bone tissue engineering scaffold materials should have a
highly interconnected porous structure with appropriate mechanical and
biological properties. In order to improve the scaffold performance,
current researchers mostly use mixed raw materials to make scaffolds.
Feng et al. [36]used selective laser sintering to fabricate porous trical-
cium phosphate scaffolds. It was found that the doping of zinc oxide
improves the mechanical and biological properties of the scaffolds. The
data showed that when the content of ZnO was increased from 0 to 2.5%,
the scaffold had a better ability to support cell attachment and prolifer-
ation, fracture toughness increased from 1.09MPaml/2 to
1.40MPam1/2, and compressive strength increased from 3.01 MPa to
17.89 MPa, it is speculated that the increase of ZnO will lead to the
decrease of grain size and the increase of scaffold density. However, with
the further increase of ZnO content, the fracture toughness and
compressive strength decreased, which may be due to the sharp increase
in grain size. In addition, after the simulated body fluid culture, a
bone-like apatite layer was formed on the surface of the material, which
had osteoinductive and osteoconductive abilities. In conclusion, the
porous f-tricalcium phosphate scaffold doped with ZnO composite scaf-
folds showed good mechanical and biological properties and could be
used for bone repair and replacement therapy.

Compared with fused deposition modeling, selective laser sintering
has a wider selection of printing materials, and has fast processing speed,
no support materials, high precision, and high strength. However, se-
lective laser sintering and fused deposition modeling have the same
disadvantages, that is, the properties of biological materials or growth
factors will be destroyed during high processing temperature, and the
surface of the molded product is rough, so it cannot be used for printing
in combination with living cells, etc. [37-39].

2.3. Stereolithography (SLA)

The raw material of stereolithography is photosensitive resin. It
controls the laser through the computer, and scans the surface of the
liquid photosensitive resin point by point according to the information of
each layered section of the part. The thin resin layer in the scanned area is
cured by photopolymerization to form a thin layer of the part. After the
curing of one layer is completed, the worktable moves down a distance of
one layer thickness. Then, a new layer of liquid resin is applied on the
surface of the previously cured resin until a three-dimensional solid
model is obtained. (Fig. 5). The advantages of stereolithography include
short production time and a wide range of products, and high-resolution
objects can be printed with complex structures. But it also has drawbacks,
including printable materials are limited to liquid resins, which can be
toxic, and post-processing is required to clean the impurities [42].

2.4. Electron Beam Melting (EBM)
Electron beam melting technology is a contemporary advanced

technology developed by combining cutting-edge technologies such as
numerical control, electronic design, and high-energy electron beams. It

Ultraviolet laser
[ Lifting platform

| Liquid horizon
Scraper blade
—_—

Forming parts
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Fig. 5. The schematic diagram of stereolithography appearance [98].
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firstly processes the three-dimensional digital model of the part in layers
to obtain its two-dimensional cross-section information, and then uses
the special program for electron beam melting to import the effective
information into the electron beam melting equipment to obtain the
required three-dimensional products by adding materials layer by layer.
Because the electron beam has the characteristics of high power, fast
scanning speed, clean and pollution-free, etc., the electron beam melting
technology has the advantages of high forming efficiency, safety and
environmental protection, and a wide range of applicable materials,
especially for the complex forming of difficult-to-process metal materials.
Zhang et al. [40]applied EBM to prepare a titanium trabecular bone
reconstruction system for the treatment of early femoral head necrosis.
The hip joint function of the patients recovered well after the operation,
and the long-term follow-up effect was satisfactory. The existence of
pores in implants is conducive to the generation of bone defects, but the
requirements for pores are not consistent in different parts. The “repro-
ducible” feature of EBM makes it an excellent choice for the preparation
of porous materials. Palmquist et al. [41]prepared porous implants by
electron beam melting technology and implanted them into the bilateral
femur and back of sheep. After 26 weeks, the implants and surrounding
tissues were removed, showing excellent long-term soft tissue biocom-
patibility and high bone integrated effect. The problems of electron beam
melting technology include high technical difficulty, high cost, and
incomplete supporting software. With the development of numerical
control, electronic information, new materials and other fields, electron
beam melting technology will also be pushed to the grassroots hospitals
for the public.

2.5. 3DP technology

3DP technology uses powder materials to shape, such as ceramic
powder, metal powder. These powders are not joined by sintering, but
the cross-section of the part is “printed” on top of the material powder by
means of a nozzle using an adhesive such as silicone. However, the
strength of the parts bonded with the adhesive is low and requires post-
processing. The specific process is as follows: After the uppermost layer is
bonded, the forming cylinder descends (equal to layer thickness:
0.013-0.1 mm), the cylinder supplying powder rises, pushes out some
powder and is pushed to the forming cylinder by the powder spreading
roller. These powders are flattened and compacted. Under the control of
the computer, the spray head selectively sprays the adhesive construction
layer according to the forming data of the construction section below. In
this way, the bonding of a three-dimensional powder is finally
completed. 3DP technology is easy to operate, the product has the ad-
vantages of high porosity, wide application range of raw materials,
smooth surface of the scaffold, and cells can be directly attached. It can
directly print cells, growth factors, and proteins. The disadvantage is that
the mechanical strength of the product is not high [42-44].

Tarafder et al. [45]doped SrO and MgO in tricalcium phosphate as
raw materials, and applied 3DP technology to fabricate scaffolds and fill
them in rat bone defects. The fabricated scaffolds had good macroscopic
pores and internal microscopic pores, and histomorphological analysis
showed that new bone formation was significantly increased, which
accelerated bone mineralization and accelerated early osteogenic heal-
ing. Although 3DP technology has been used to make bone tissue engi-
neering scaffolds, the technology needs further research and
improvement. Farzadi et al. [46]studied the effect of the 3DP printing
delay on the scaffold performance, and the results showed that the layer
printing delay had a significant effect on the compressive strength of the
scaffold. This study showed that printing with a 300 m s delay was the
optimal printing condition, providing the highest strength and dimen-
sional accuracy. Tarafder et al. [47]imitated the functional properties
and structure of natural bone itself, and uses 3DP technology to fabricate
a porous titanium scaffold with good biocompatibility. The study of the
porosity and porosity of the scaffolds showed that the pore diameter can
be adjusted by changing the ratio of binder and sintering temperature.
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Subsequent cell culture results showed that cells proliferated more
densely on 3DP titanium samples than on 2D technology titanium sam-
ples. It is foreseeable that by optimizing the ratio of combined binders
and the sintering temperature, scaffolds with desired porosity and me-
chanical properties can be prepared, which are suitable for the intended
clinical application.

3. Biological 3D printing

Although the traditional 3D printing technology mentioned above
can precisely control the structure and shape of the 3D product, it cannot
realize the combination of printing scaffold materials with cells, growth
factors, etc. due to the high temperature or specific treatment of the
materials during the printing process. In recent years, with the contin-
uous innovation of 3D printing technology, bio-3D printing technology
based on absorbable materials, cells and active factors has gradually
becomes a printing method that people pay more attention to. At present,
bio-3D printing mainly includes three methods: inkjet bioprinting,
extrusion bioprinting and laser-assisted bioprinting.

3.1. Inkjet bioprinting

Inkjet bioprinting is one of the commonly used bioprinting technol-
ogies developed based on traditional inkjet printing. It uses heat and
piezoelectric forces to eject “bioink” droplets from a printhead into a
hydrogel or Petri dish under computer control (Fig. 6).

In thermal mode, the inkjet printer uses heat-generated pressure
pulses to flow " bio-ink " from the printhead to the substrate. In piezo-
electric mode, the piezoelectric sensor generates a pulse that gives the "
bio-ink " enough pressure to eject the droplets from the nozzle. In general,
inkjet bioprinting has the advantages of high yield, low cost, simple
implementation, and compatibility with low-viscosity biomaterials [48].
Therefore, inkjet bioprinting is widely used in preclinical settings and
clinical practice. Cui et al. [49]developed a photopolymerization inkjet
bioprinting system for 3D cartilage tissue engineering, which can achieve
the printing effect of crosslinking while printing, and successfully printed
photocrosslinked polymer loaded with human chondrocytes. Ethylene
glycol dimethacrylate (PEGDMA )scaffold with a compressive modulus of
(395.73 + 80.40)kPa, which is close to the performance range of natural
human cartilage. Quantitative PCR was performed on the scaffold to
detect the gene expression of human type I collagen, type II collagen and
proteoglycan. It was found that the expression levels of type II collagen
and proteoglycan in the 3D printed cartilage scaffold were significantly

Bioink

Piezoelectric
actuator

Droplet

Fig. 6. Scheme illustration of inkjet bioprinting [19].
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higher than those in the injection molded cartilage scaffold. This result
indicated that the 3D printed cartilage scaffold could promote the
secretion of cartilage extracellular matrix and the formation of cartilage.
Xu et al. [S0]combined electrospinning and inkjet printing to print
multi-layer cartilage structures, and the obtained hybrid scaffolds could
maintain the in vivo and in vitro activities of the printed cells, while
having higher mechanical strength. The results of in vivo experiments of
the scaffold showed that it can promote the development of vascular
membranes, the proliferation of chondrocytes and the development of
lacunae without loss of integrity.

3.2. Extrusion bioprinting

At present, bioprinters generally use extrusion bioprinting technol-
ogy, which has a relatively mature printing process. During the printing
process, the technique utilizes a mechanical piston or air pressure to
squeeze an ink-containing syringe, and then extrudes the bioink through
a micro-nozzle (Fig. 7) [51].

Compared with other technologies, extrusion bioprinting technology
is compatible with a variety of materials, printing speed is fast, and high
precision [52]. And this technique does not involve a heating process, so
cells and bioactive substances can be easily added [53]. Furthermore,
compared to inkjet bioprinting, extrusion bioprinting has a wider selec-
tion of bioinks available. Therefore, extrusion bioprinting technology is
the most commonly used method for cartilage bioprinting. The bioink
used in extrusion bioprinting must have sufficient viscosity and
cross-linking ability to maintain a good three-dimensional structure
during and after printing. Kang et al. [54]developed an extruded
tissue-organ printer (ITOP), which used living cells as ink for the first
time to print human-sized organs and tissues. They combined 3T3 fi-
broblasts with PCL and used ITOP to print the mandibular and auricular
cartilage structures. The cell survival rate was >95% 1 h after printing.
The results of the cell proliferation assay of the scaffold showed that the
cells proliferated normally within 15 days, which was similar to the
proliferation results of the control cells encapsulated in the fibrin struc-
ture. These data show that the optimized cell printing system can
maintain the viability of cells during the printing process and provide a
good microenvironment for cell proliferation.

3.3. Laser assisted bioprinting

Laser assisted bioprinting relies on pulsed laser beams to generate
pressure perturbations that then transport the cell-containing material to
areceiving substrate. (Fig. 8). Due to the nozzleless design, laser-assisted
bioprinting has never encountered nozzle-related technical difficulties
such as nozzle clogging. This feature eliminates the problem of shear

Mechanical force
from screw
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Bioink 7 Nozzle

Cylindrical
: 3
constructs

e

Fig. 7. Scheme illustration of extrusion bioprinting [19].
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Fig. 8. Scheme illustration of laser-assisted bioprinting [19].

stress-induced cell damage and death in inkjet and extrusion bioprinting
when the nozzle diameter is very small or when the bioink is very
viscous. Therefore, The author believes that the outstanding advantage of
this method is that it is compatible with a range of viscosities of bio-
materials. Another major advantage of laser-assisted bioprinting is its
high resolution. The process can also accommodate higher cell densities
for better control over cell-to-cell interactions and high-definition pat-
terns of cells. However, this method is rarely used in cartilage tissue
engineering due to its high cost.

In recent years, 3D bioprinting technology has entered a bottleneck
stage. At the technical level, there are problems such as the lack of bio-
inks with high biocompatibility, and the printing accuracy still cannot
fully reach the micron-level resolution of the real tissue structure. At the
clinical application level, although 3D bioprinting is widely used in the
manufacture of cells and even tissues and organs, most of the organs
printed are structural or single-function realizations, and the printing of
complex organs has not been fully realized.

However, with the development of bioprinting technology, micro-
sphere bioprinting technology has been gradually developed and added
to the method of bioprinting. The advantage of microsphere bioprinting
technology is that it can provide printing of high cell density structures.
Many disease states are difficult to faithfully represent when individual
cells are dispersed in the gel. Prefabricated spheres can be fused into
tissue chains, which are then extruded into larger 3D structures on their
own. Spherical bioprinting holds great promise for developing organ and
tissue models.

Table 1 compares the other differences of the above three bioprinting
technologies, and Table 2 compares the advantages and disadvantages of
different 3D printing technologies.

4. 3D printed bone tissue engineering scaffold materials

Among the 3 basic elements of bone tissue engineering (seed cells,
scaffold materials and growth factors), scaffold materials undoubtedly
play a pivotal role. Because on the one hand, it is a carrier of signaling
molecules or target cells, and on the other hand, it also provides a scaffold
for new bone growth.

In bone tissue engineering, the ideal scaffold material should have the
following conditions: MOsteoconductivity: the ability of the material to
provide a channel or medium for the growth of new tissue. @Osteoin-
ductive: The material can stimulate the growth of bone tissue. ®Good
biocompatibility: The material can promote the adhesion, proliferation
and differentiation of seed cells. @Good biodegradability. ®Sufficient
mechanical properties. ® Three-dimensional porous structure: can pro-
vide space for the growth of seed cells @Simple to process and sterilize
[55]. And for the design of scaffolds, the following three aspects should
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Table 1

Unique features of the major 3D bioprinting technologies [60].
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Print Advantage Bioinks Resolution  Cell Cell Print Target tissue
methods viability density speed
Inkjet High yield, low cost, high Collagen, poly (ethylene glycol) dimethacrylate high high Low high Skin, cartilage,
Printing resolution, simple implementation (PEGDMA), fifibrinogen, alginate, GelMA bone, tumor, liver
and compatibility with low viscosity
biomaterials
Extrusion Compatible with a variety of Gelatin, poly-caprolactone (PCL), medium medium Cell Low Skin, cartilage,
Printing materials, high resolution, high polyethyleneglycol (PEG), alginate, hyaluronic spheroid vessel, bone,
precision acid (HA), polyamide (PA), polydimethyl- muscle, tumor,
siloxane (PDMS) dECM, nanocellulose heart
Laser- Fast print speed and compatibility Printing Fibrinogen, collagen, GelMA Low high high medium Skin, Vesse
assisted with a range of biomaterial
viscosities
The relationships between the properties of the scaffolds (porosity,
Table 2 . . . .
Different £ 3D printing techni d thei d surface area, and elastic modulus) and mechanical and biological factors
ifferen es o rinting techniques, and their pros and cons. .
yp P J 4 P are revealed in Table 3 [59].
Types Advantage Limitations References Currently, the more commonly used 3D printing materials include
Fused Simple and low cost to Insufficient precision [21-24] metal materials, bioceramics, and composite materials composed of
Deposition manufacture, and strength, poor multiple materials [60].
Modeling thermoplastic polymers degradability, inability
(FDM) are extruded without to print growth factors
toxic organic solvents and cells 4.1. Metallic material
Selective Wide range of raw The molded producthas  [36-39]
Laser materials, fast a rough surface, cannot . . s .
o . ¢ s Metal materials are one of the most widely used 3D printing materials
Sintering processing speed, no be used for printing . . : R . .
(SLS) need to use supporting with living cells, and in clinical practice. The most common one is titanium alloy, which is
materials, high precision  sintering can modify widely used in the treatment of clinical bone defects due to its light
and high mechanical material properties weight and high strength. The biggest feature of medical implant mate-
) ) sength. ) . rials is that there are large individual differences in size and shape,
Light curing Short production time Printable materials are [42] A . A R
molding and a wide range of limited to liquid resins, complex structure, and rich tiny details. It is difficult for metal scaffolds
(SLA) products, and high- which can be toxic, and manufactured by traditional technology to fully match the characteristics
resolution objects canbe  post-processing is of patients. The 3D printing technology is fast, efficient, and has a fine
printed with complex required to clean the structure through computer simulation and direct printing according to
structures impurities th /mi feat f the desired object. Such a technology is
Electron High forming efficiency, = The technical difficulty [46,47] e_ Macro/micro features o .J o 8y
Beam safety and is high, the cost is high, believed to have extremely broad prospects in clinical treatment. Porous
Melting environmental and the supporting bone scaffolds prepared from titanium alloy materials have good
(EBM) protection, wide range  software is not biocompatibility and have a very good effect on promoting the prolif-
of raw materials complete . eration and differentiation of osteoblasts [61]. Choi et al. [62]con-
3DP Easy to operate, The mechanical [48-50] . . N
technology  products with high strength is not high, and structed the patient's head model with CT scans and determined the

porosity, wide range of
raw materials, smooth
scaffold surface, and
cells can directly adhere

the product needs to be
post-treated

be considered: DIt can provide the basis for cell adhesion, differentia-
tion, proliferation and migration. The pore size and structure, porosity,
and surface chemistry of scaffolds are influencing factors. @Have suit-
able mechanical strength. ®Conform to the anatomical morphology of
the replacement part [56,57]. In addition, it is generally believed that the
porosity of 3D bone scaffolds should be greater than 40%-60% to facil-
itate the rapid diffusion of cells and the flow of cell nutrients, as well as
the transfer of cells [58]. Therefore, when designing and preparing
scaffolds, attention should be paid to the requirements of bone tissue
engineering scaffolds, and the most appropriate materials should be
selected.

Table 3
Scaffold properties linked to mechanical and biological factors.

surgical plan, and implanted 3D-printed pre-fabricated titanium implants
into the defected skull and fixed them, which effectively reduced the
operation time of the operation, and there was no surgical trauma during
postoperative follow-up. Infection, the patient healed well. Fig. 9 shows
the photos of the 3D printed titanium alloy prosthesis before and after
implantation.

Although metal materials are the most widely used, the printing
process needs to be carried out at a high temperature, and further
research is needed to maintain cell activity and function for a long time.

4.2. Non-metallic materials

4.2.1. Bioceramics

Bioceramic materials are bone repair materials with good osteo-
conductivity represented by tricalcium phosphate, calcium phosphate,
and hydroxyapatite. The main components of these materials are similar

Scaffold Mechanical factors biological factors
Porosity Negative correlation. Increased porosity leads to decreased mechanical Positive correlation. Increased porosity improves biological activity, including cell growth
properties. and the transport and distribution of nutrients.
Surface area Negative correlation. Increased surface area leads to faster degradation of ~ Positive correlation. Increased surface area can increase initial adhesion of cells.
scaffolds.
Elastic Positive correlation. The increased elastic modulus makes the scaffold Changes in elastic modulus lead to different mechanical stimuli, which in turn alter tissue
modulus stronger and avoids undue deformation. growth rate and type.
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Fig. 9. Photographs of the prosthesis before implantation: (A) anterior aspect.
(B) Volar aspect. (C) Intraoperative photographs showing 3D printed titanium
first metacarpal prosthesis with the ligament reconstruction in the proximal and
distal portions: free palmaris longus tendon graft (blue arrowhead), flexor carpi
radialis tendon (yellow arrowhead), and extensor pollicis brevis tendon (blue
arrow) [63]. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)

to the inorganic components of human bone, and they have good de-
gradability and the ability to promote new bone formation [64]. Bone
scaffolds made of biphasic calcium phosphate (a mixture of hydroxyap-
atite and tricalcium phosphate) have an excellent ability to promote
osteogenic differentiation of cells [65]. Wang et al. [66]fabricated a
hydroxyapatite/chitosan composite porous scaffold by 3D printing
technology after blending hydroxyapatite and chitosan, and added type I
collagen to the scaffold. Through animal experiments, they found that the
hydroxyapatite/chitosan composite porous scaffold added with collagen
type I could greatly increase the secretion of alkaline phosphatase and
promote osteogenesis.

At present, the 3D printing technologies of ceramic scaffolds mainly
include sintering 3D printing and room temperature/low temperature 3D
printing.

e Sintered 3D printed ceramic scaffold: The most common method for
preparing ceramic bone tissue scaffolds is to print scaffolds of custom
shape and pore size, followed by high temperature sintering to
remove all organic phases to form pure ceramic scaffolds. Dimen-
sional shrinkage may occur after sintering, but the mechanical
strength and Young's modulus can be greatly improved. Song et al.
[67] used low-temperature 3D printing + sintering to fabricate bone
tissue engineering scaffolds. The scaffold has a porous structure (the
macroscopic pores and micropores on the surface of the scaffold are
interconnected) and superior compressive strength. Chen et al. [68]
constructed lithium calcium silicate crystalline biocarriers with dual
bioactivity through a 3D printing composite sintering process for
osteochondral interface reconstruction. The scaffold has strong me-
chanical strength. In the scaffold, mesenchymal stem cells can
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undergo osteogenic differentiation, and chondrocytes can undergo
chondrogenic differentiation in vitro and in vivo.

Room temperature/low temperature 3D printed ceramic scaffold: In
addition to high-temperature sintered bone tissue engineering scaf-
folds, more and more researchers have begun to use room tempera-
ture/low temperature 3D printing to prepare bone tissue engineering
scaffolds. Song et al. [69]reported the fabrication of platelet-rich
fibrin-loaded nano-biphasic calcium phosphate nBCP/PVA (nBCP:
PVA = 84:16) composites by extrusion-based low-temperature 3D
printing. The scaffold has better in vitro biocompatibility and bio-
logical activity, and improves the adhesion, proliferation and osteo-
genic differentiation of bone marrow mesenchymal stem cells. And in
the rabbit model of large segmental bone defect, more new bone
formation was observed.

To further provide additional functionalities to bioceramic scaffolds,
post-processing including coatings and post-adsorption of functional
agents are widely employed. Kim et al. [70]used the PCL emulsion
coating method to add bone morphogenetic protein (BMP-2)-loaded
PLGA nanoparticles to the surface of HA scaffolds. BMP-2/PLGA nano-
particles were uniformly distributed on the scaffold surface, and BMP-2
was gradually released. In addition, the PCL coating improves the
compressive strength of the scaffold. Coating scaffolds with
PCL-BMP-2/PLGA nanoparticles can improve cell proliferation, adhe-
sion, osteogenic differentiation in vitro and new bone formation in vivo.

The sintered 3D-printed ceramics exhibit superior mechanical prop-
erties, which can better support the osteogenic and chondrogenic dif-
ferentiation of cells as scaffolds for bone tissue engineering. The room
temperature/low temperature 3D printing ceramic scaffold makes the
ceramic scaffold more acceptable to researchers. Compared with ordi-
nary experimental conditions, more researchers can reproduce the
experiment in their own laboratory, making room temperature/low
temperature 3D printing. The rapid development of ceramic scaffolds,
and the adsorption of agents on ceramic scaffolds also provides more
possibilities for the diversification of research and applications.

4.2.2. Polymer material

Polymer materials are mainly divided into natural polymers and
synthetic polymers. Natural polymer: Natural macromolecular polymers,
also known as naturally derived biomaterials, are materials produced by
living organisms, such as collagen, chitosan, hyaluronic acid, sodium
alginate, and fibrin, which are eventually degraded into carbon dioxide
and water by microorganisms. Naturally derived biomaterials have the
advantages of only causing a mild inflammatory response in vivo, good
biocompatibility, wide sources, easy access to materials, and good plas-
ticity [71].

Collagen is a natural polymer found in skin, bones, tendons and lig-
aments. Collagen for biomedical applications is derived from animals
such as pig or bovine skin, rat tail, demineralized bovine bone or rabbit
bone. Collagen has high swelling properties, low antigenicity, cyto-
compatibility, and tissue regeneration potential, and due to these prop-
erties, collagen is considered as an ideal material for bone tissue
engineering applications. However, due to the poor mechanical strength
of pure collagen, it cannot be directly used as a bone substitute material,
so the research on composite scaffolds of collagen and other materials has
received extensive attention [72]. Cunniffe et al. [73] fabricated 3D
collagen-hydroxyapatite nanocomposite scaffolds using suspension and
immersion methods, and the compressive modulus was 18 and 12 times
higher than that of collagen scaffolds, respectively. Four weeks after the
scaffold was implanted into the rat femur, new bone tissue was seen
forming in the pores, which was comparable to the biodegradability of
the implant. ZHOU et al. [74]developed a collagen hydroxyapatite
scaffold with a 3-layer structure. The collagen network was implanted
into porous calcium phosphate ceramics by vacuum infusion method,
and then encapsulated by biomimetic mineralization, which was
compared with ordinary porous calcium phosphate. Compared with
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ceramic scaffolds, this 3-layer scaffold has better mechanical strength
and faster and greater osteogenesis rate when implanted in rabbit dorsal
muscle in vitro. These studies show that collagen is an important material
for the modification of bone tissue engineering scaffolds and can improve
the biocompatibility of composite scaffolds.

Chitosan is an abundant biological material derived from crustacean
shells [75]. It is obtained by alkaline hydrolysis from the total or partial
deacetylation of chitin. It is a biodegradable, biocompatible,
antigen-free, non-toxic, biologically functional material, so it has been
used to make various scaffolds and has been widely studied in the field of
bone regeneration. However, because chitosan is insoluble in water,
rapidly degraded in vivo, has poor blood compatibility and antibacterial
properties, its potential for repairing bone defects is limited. The func-
tionalization of the chitosan structure was achieved by compounding
with various materials, addressing these limitations; the addition of
bioceramic materials to the polymer can improve its mechanical prop-
erties. Zhang et al. [76]added nano-hydroxyapatite to chitosan, the
compressive strength increased by 33.07%, and the proliferation of
mouse osteoblasts (MC3T3-E1) was enhanced. Madhumathi et al. [77]
combined chitosan hydrogel film with nano-hydroxyapatite, which
significantly improved the crystallinity of the composite and showed
good biocompatibility with MG63 cells. Wang et al. [78]treated
chitosan/nano-hydroxyapatite with cold plasma, and the scaffold surface
was rough with good wettability, which selectively enhanced the
adsorption of fibronectin and vitamin C protein. This modification
resulted in more infiltration of mesenchymal stem cells into the scaffold
and increased collagen deposition and mineralization after 3 weeks.
These studies show that the limitation of chitosan can be solved by
compounding with other materials and become a suitable scaffold
preparation material for bone tissue engineering.

Synthetic high polymer. Such materials include polylactic acid (PLA),
polycaprolactone (PCL), polyglycolic acid (PGA) and their copolymers
(PLGA). This type of polymer is a thermoplastic material, which can be
processed into various structural shapes, and the mechanical properties
and degradation speed of the material can be adjusted and controlled by
adjusting and increasing the molecular weight, selecting different poly-
merization methods and molding methods. Because of their non-toxic
degradation products and good biocompatibility, PLA and PGA have
been approved by the US FDA as implants. Vacanti et al. [79]first used
PGA and PLA as chondrocyte culture matrix materials in vitro, and suc-
cessfully obtained new cartilage through tissue engineering. Sherwood
et al. [80]prepared a cartilage-bone composite scaffold with PLGA/PLLA
as the upper layer and PLGA/TCP as the lower layer by 3D printing
technology. The study found that chondrocytes were more inclined to
adhere to the cartilage scaffold area of the scaffold, and the formation of
cartilage tissue could be seen after 6 weeks of culture. The mechanical
strength of the osteogenic region of the scaffold can reach the same order
of magnitude as that of human new cancellous bone. This study provides
a new approach to complete joint reconstruction techniques. Tay et al.
[32]used 3D printing technology to make quasi-scaffolds from the mixed
powder of polycaprolactone and polyvinyl alcohol, and then used parti-
cle filtration to remove the polyvinyl alcohol to obtain porous scaffolds.
The filtered scaffold is loose and soft, and the pore structure has high
connectivity. Chou et al. [81]used 3D printing technology to prepare an
antibiotic-embedded polylactic acid/polylactic acid-polyglycolic acid
porous scaffold and used it for the reconstruction of the rabbit femoral
shaft, and found that the scaffold implantation site had better cortical
integrity, maximum Bending strength and cartilage proliferation effect.

The water solubility of synthetic polymers is poor, so organic solvents
(such as chloroform) are needed to dissolve them. Chloroform is a toxic
solvent that can cause toxic effects when left in the body. Although the
use of chloroform extraction techniques can reduce chloroform, there is
still a risk of chloroform remaining in the scaffold [82]. In addition, the
use of organic solvents obviously increases the cost and difficulty of
production, which makes it difficult for large-scale mass production of
medical-grade scaffold materials.
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4.2.3. Composite materials

In order to meet the requirements of making perfect 3D printed bone
repair materials, composite materials combining two or more materials
such as high molecular polymers, metals, and bioceramics have become a
new breakthrough for 3D printing bone materials. Bone tissue scaffolds
composed of high molecular polymers and bioceramics are widely used
in 3D printing bone repair materials because they are similar to natural
bone matrix [83]. Matsuo et al. [84]used synthetic polymer polylactic
acid and hydroxyapatite as raw materials to prepare absorbable porous
scaffolds for mandibular reconstruction. By comparison, they found that
compared with the traditional titanium alloy scaffolds, the polymer
Polylactic acid/hydroxyapatite scaffolds have a better repair effect. Some
studies have also found that the materials prepared by blending trical-
cium phosphate and high molecular polymers can greatly promote the
proliferation and differentiation of human mesenchymal stem cells [85,
86]. In addition, the composite material combined with cytokines and
proteins with osteogenic induction can further enhance the effect of 3D
printed bone scaffolds in bone repair. But there are still some difficulties
restricting the development of composite materials. For example, there is
no unified standard for 3D printing materials in China, and many ma-
terials are still imported, which makes their manufacturing costs high.
Therefore, it is difficult for 3D printing technology to be widely used in
primary hospitals and serve the public. Therefore, the current research
and development of polymer 3D printing materials and their printing
technology should gradually enter the track of systematization and
standardization, and improve the application standards. In addition to
improving the original materials, we must also actively develop new
materials.

Table 4 summarizes the different types of 3D printing materials, and
their pros and cons mentioned above. At the same time, the table illus-
trates their corresponding mechanical properties, animal experience and
human cell test.

5. Summarize

3D printing technology can manufacture bone scaffolds with complex
structures. The prepared bone scaffolds are similar to the human body in
terms of external morphology and microstructure. Based on this, the
combination of cells, growth factors and other active substances makes
perfect bone reconstruction possible, which is of great significance to the
personalized treatment of bone defects and osteochondral regeneration,
and gradually forms an emerging industry with great market potential.
From a microscopic point of view, 3D printing can precisely control the
porosity, pore size and geometry of the fabricated scaffolds. And the bone
tissue engineering scaffold manufactured by this technology can simulate
the human cell microenvironment to a large extent and accelerate the
speed of bone healing after combining growth factors and osteoblasts.
From a macroscopic point of view, the bone tissue engineering scaffold
produced by 3D printing has controllable overall structure and me-
chanical properties, can simulate the multi-scale structure of human
tissue, and is multifunctional and easy to use. At the same time, with the
combination of 3D printing technology and multidisciplinary fields such
as tissue engineering, digital medicine, and materials science, more and
more 3D printing products with good biocompatibility, excellent osteo-
genic induction ability and stable mechanical properties have been
developed.

However, several current 3D printing methods also have some dis-
advantages that cannot be ignored. The scaffolds made by FDM are
insufficient in terms of accuracy, so it is necessary to improve the accu-
racy performance of the printing machine and improve the scaffold
performance. SLS may destroy the chemical properties of raw materials
due to laser sintering, and the surface of the molded product is rough, and
needs to be improved in terms of combining cells and various factors. The
scaffolds made by SLA require post-processing, during which the stents
may be deformed, and the molded product contains impurities. The
electron beam melting method requires high cost. It needs to be



Table 4

Different types of 3D printing materials, and their pros and cons.

Types Material example Advantage Limitations Mechanical properties Animal experiment human cell test clinical
market
metallic material Tantalum, titanium, Light weight, high strength, = Cumbersome Wang et al. [88]prepared a3D  Wang et al. [88] prepared a3D  Clainche et al. [89]studied the -
magnesium alloys and good biocompatibility manufacturing process multi-dimensional porous multi-dimensional porous adhesion, growth and
[87] and slow osteogenesis tantalum scaffold that tantalum scaffold simulating proliferation of human adipose
simulated bone trabecular trabecular bone structure, and stem cells on the surface of
structure, with a porosity used the scaffold to repair titanium-modified scaffolds. The
range of 60%-80%, a pore size ~ femoral shaft defects in dogs, experimental results show that
range of 200-500 pm, and an proving that the new porous adipose stem cells can not only
elastic modulus range of tantalum scaffold has grow, proliferate and maintain the
0.5-4.0 Gpa excellent biocompatibility. osteogenic potential on its surface.
And osteoinductive, with
potential for bone tissue
engineering applications.
-non- Bioceramics Tricalcium Phosphate, Similar to the mineral Slow degradation and Song et al. [67] used Song et al. [69]reported the Wang et al. [66] prepared -
metallic Calcium Phosphate, composition of human high brittleness low-temperature 3D printing preparation of platelet-rich hydroxyapatite/chitosan
material Hydroxyapatite bone, it has good + sintering to fabricate a bone  fibrin-loaded nano-biphasic composite porous scaffolds by 3D
degradability, strong ability tissue engineering scaffold calcium phosphate nBCP/PVA  printing technology after blending
to promote new bone with a hierarchical porous (nBCP:PVA = 84:16) hydroxyapatite and chitosan, and
formation, and good structure (the macroscopic composites by extrusion-based  added type I collagen to the
osteoconductivity, pores and micropores on the low-temperature 3D printing. scaffolds, and found through
compressive strength and surface of the scaffold are The scaffold had better in vitro ~ animal experiments. The
osseointegration effect [90, interconnected) and superior biocompatibility and hydroxyapatite/chitosan
91] compressive strength. bioactivity, and more new composite porous scaffold added
bone formation was observed with type I collagen can greatly
in the rabbit large segmental increase the secretion of alkaline
bone defect model. phosphatase and promote
osteogenesis.
Natural high Collagen, Chitosan, It only causes a mild Chitosan is insoluble in Zhang et al. [76] added Zhang et al. [76] enhanced the Catanzano et al. [92]fabricated -
molecular Hyaluronic Acid, inflammatory response in water, rapidly degraded  nano-hydroxyapatite to proliferation of mouse macroporous alginate foam with
polymer Sodium Alginate and the body, has good in vivo, has poor blood chitosan, the compressive osteoblasts (MC3T3-E1) after excellent porosity, which
material Fibrin biocompatibility, It only compatibility, and has strength increased by 33.07% adding nano-hydroxyapatite enhanced the growth and
causes a mild, is easy to poor antibacterial to chitosan. osteogenic differentiation of
obtain, and has good properties, and its human mesenchymal stem cells.
plasticity [71] potential to repair bone
defects is limited [82]
Artificial high Polylactic acid (PLA), It has strong plasticity and Relatively poor Sherwood et al. [87] prepared ~ Chou et al. [81] used 3D Vacanti et al. [79] first used PGA PLA and
molecular polycaprolactone good biocompatibility. The mechanical properties, a cartilage-bone composite printing technology to prepare  and PLA as chondrocyte culture PGA have
polymer (PCL), polyglycolic mechanical properties and poor water solubility scaffold with PLGA/PLLA as an antibiotic-embedded matrix materials in vitro, and been
material acid (PGA) and their degradation rate of the and lack of cellular the upper layer and PLGA/TCP  polylactic acid/polylactic successfully obtained new approved
copolymers (PLGA) material can be adjusted recognition sites [95] as the lower layer by 3D acid-polyglycolic acid porous cartilage through tissue by the US
and controlled by adjusting printing technology. The study  scaffold for the reconstruction  engineering. FDA as
and increasing the found that the mechanical of rabbit femoral shaft, and implants.
molecular weight, selecting strength of the osteogenic found that the scaffold
different polymerization region of the scaffold can implanted site had better
methods and molding reach the same order of cortical integrity, maximum
methods, and the magnitude as that of human Bending strength and cartilage
degradation products are new cancellous bone. proliferation effect.
non-toxic [93,94].
composite PLA and Similar to the natural High cost and high technical =~ Feng et al. [96]used Zhu and Marchant [97,98] Matsuo et al. [84] used
material hydroxyapatite bone matrix, good requirements selective laser sintering combined PCL with sodium synthetic polymer polylactic

biocompatibility, high
bioactivity, high
osteoinductive
activity, and low

to fabricate porous
tricalcium phosphate
and zinc oxide
scaffolds, which
showed good

alginate to obtain a composite
scaffold with higher
printability and printing
resolution, and the survival

acid and hydroxyapatite as
raw materials to prepare
absorbable porous scaffoldss
for mandibular
reconstruction. By
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Table 4 (continued)

Mechanical properties Animal experiment human cell test clinical
market

Limitations

Advantage

Material example

Types

rate of chondrocytes in this comparison, they found that

scaffold was 70%-85%.

mechanical and

inflammatory

response

compared with the traditional
titanium alloy scaffoldss, the

polymer Polylactic

biological properties
and could be used for

bone repair and

acid/hydroxyapatite

replacement therapy

scaffoldss have a better repair

effect.
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developed in combination with other fields such as numerical control,
electronic information, and materials science. The disadvantage of 3DP is
that the mechanical strength of the product is not high, and the product
needs to be post-processed. Compared with other technologies, 3D bio-
printing technology has the advantages of high yield, low cost, simple
implementation, fast printing speed, high precision, compatibility with
low-viscosity biological materials, and the ability to add cells and bio-
logically active substances. It has gradually become a new direction for
the development of 3D printing technology in bone tissue engineering in
the future. However, in terms of technology, it lacks highly biocompat-
ible bioinks, and the printing accuracy still cannot fully reach the micron-
level resolution of real tissues. In terms of clinical applications, although
3D bioprinting is widely used in the manufacture of cells, tissues, and
organs, most of the organs printed are structural or single-function re-
alizations, and the printing of complex organs has not been fully realized.

Nevertheless, the authors believe that with the development of 3D
printing technology and bone tissue engineering, 3D bioprinting tech-
nology can better meet the printing requirements for bone tissue engi-
neering scaffolds in the future than other technologies.

In recent years, on the basis of biological 3D printing, “in situ in vivo
bioprinting" , "4D bioprinting technology” and “microsphere printing
technology” have been proposed.

The in situ in vivo bioprinting refers to a method that bioinks are
directly printed at a defect site in a clinical setting to create or repair
living tissues or organs. This method creates a micro robot (a micro 3D
bioprinting platform which can be installed to an endoscope) to enter the
human body noninvasively and carries out tissue repair inside the body.
Various studies have shown the great potentials of this approach, in fields
such as skin, bone and cartilage repair. It can address the existing de-
ficiencies in conventional bioprinting. The printed cells remained a high
viability and a steady proliferation, which indicated good biological
functions of the cells in printed scaffolds. This method presents an
innovative advance not only in the field of bioprinting but also in clinical
fields.

4D bioprinting is a newly emerging technology that combines the
concept of time with 3D bioprinting as the fourth dimension, which en-
ables the fabrication of complex and functional structures. It can create
dynamic three-dimensional biological structures by using special mate-
rials that can change shape in response to various stimuli. Functional
transformation and maturation of printed cellular structures is also
considered a form of 4D bioprinting. This technology offers unprece-
dented potential for tissue engineering, and although this technology has
attracted much attention in the biomedical field, more research and
development is required to achieve clinical application as it is still in its
infancy.

At the same time, from the point of view of material selection, the
performance of the scaffolds printed by simply using one raw material is
still insufficient. The researchers therefore chose appropriate methods to
combine several materials into composites. Composite materials have
many advantages, so the bone tissue engineering scaffolds made by 3D
printing obviously have better performance.

The authors believe that the application of 3D printing technology in
bone tissue engineering scaffolds has great promise, but it also faces some
challenges. Only by accepting the existing challenges and gradually
overcoming them can they exert their greatest value and provide efficient
and effective treatment methods for the treatment of bone defects in the
future. With the continuous development of 3D printing technology,
people's research on bone tissue engineering scaffold materials, and the
continuous integration and mutual promotion of engineering and medi-
cine, 3D printing will definitely shine in the field of bone tissue engi-
neering scaffold construction in the near future.
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