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A B S T R A C T   

Successful regeneration of large segmental bone defects remains a major challenge in clinical orthopedics, thus it 
is of important significance to fabricate a suitable alternative material to stimulate bone regeneration. Due to 
their excellent biocompatibility, sufficient mechanical strength, and similar structure and composition of natural 
bone, the mineralized collagen scaffolds (MCSs) have been increasingly used as bone substitutes via tissue en
gineering approaches. Herein, we thoroughly summarize the state of the art of MCSs as tissue-engineered 
scaffolds for acceleration of bone repair, including their fabrication methods, critical factors for osteogenesis 
regulation, current opportunities and challenges in the future. First, the current fabrication methods for MCSs, 
mainly including direct mineral composite, in-situ mineralization and 3D printing techniques, have been pro
posed to improve their biomimetic physical structures in this review. Meanwhile, three aspects of physical 
(mechanics and morphology), biological (cells and growth factors) and chemical (composition and cross-linking) 
cues are described as the critical factors for regulating the osteogenic feature of MCSs. Finally, the opportunities 
and challenges associated with MCSs as bone tissue-engineered scaffolds are also discussed to point out the future 
directions for building the next generation of MCSs that should be endowed with satisfactorily mimetic structures 
and appropriately biological characters for bone regeneration.   

1. Introduction 

Since infancy, bone tissue always plays a significant role in human 
life. The unique composition and complex structure of bone determine 
its important functions in human [1,2], mainly including: protective, 
supporting, motor, storage and hematopoietic function [3–8]. In gen
eral, stiffness and toughness conflicts with each other, while bone tissue 
behaves these two mechanical properties and performs function at the 
same time. In natural bone, organic substances (such as collagen fibers) 
provide toughness [9], while inorganic substances (such as apatite) 
provide stiffness [10]. The combination of organic and inorganic sub
stances allows bone tissue to exhibit high strength and sufficient 
toughness [11]. In natural bone, inorganic components account for most 
proportions, which can reach more than 60%, and organic components 

only account for about 30% [12,13]. Type I collagen (COL, if there is no 
special instruction, COL refers to type I collagen) is the most important 
component of organic phase in bone, which is a force-sensitive protein 
with a diameter of 80–100 nm [14,15]. Monomer of COL is composed of 
two α1 chains and one α2 chain, which can form fibrils through 
self-assembly and appear a characteristic 67 nm horizontal stripe 
pattern that called the D cycle [15,16]. The organic phase in bone is 
predominantly calcium phosphate-based minerals and the most 
component of which is hydroxyapatite (HA) [17]. In addition, there are 
octacalcium phosphate (OCP), tricalcium phosphate (TCP), amorphous 
calcium phosphate (ACP) and carbonate-substituted HA [18–21]. The 
mechanical properties of COL and HA as well as bone with different 
types, refer to the following Fig. 1 [22–32]. Dissimilar treatment pro
cesses and methods for material have influence on mechanical 
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properties test [33–35], but rules can still be found. From Fig. 1, we can 
find that pure COL has better performance in shear modulus and 
breaking strength, while HA performs better in tensile modulus and 
ultimate tension strength. The cortical bone exhibits good stiffness and 
toughness that combine the different mechanical properties of COL and 
HA. Bone in different parts of the human body exhibits excellent me
chanical properties. However, there are certain differences in mechan
ical properties of different parts bone, which is caused by environment 
and component’s proportion [36]. 

As for why bone has such excellent mechanical properties, scholars 
have done many researches and found that this phenomenon is related 
to the special hierarchical structure of bone. With the development of 
research methods, the understanding of hierarchical structure is also 
changing. From the initial seven-level stratification [37], to the subse
quent nine-level stratification [38], until the twelve-level stratification 
structure recently proposed [39]. At the beginning, macromolecular 
substances were regarded as basic units of bone tissue and the hierar
chical structure of these substances was not discussed in detail. Until it 
can characterize the three-dimensional structure of bone on nanoscale, 
Stevens and Kroger began to study the hierarchical structure of sub
stances. They proved that COL and HA exist as nested, helix-like patterns 
in bone, and the hierarchical structure was also extended to 
twelve-level. Although there are certain differences in the way of bone 
hierarchical structure, mineralized COL fiber is regarded as the most 
important level. It can be divided into two parts before the level of 
mineralized COL fibers. The COL and HA are combined to obtain 
mineralized COL fibers and become the basic component of the next 
level [40]. The mineralized COL fibers, which formed by the uniform 
distribution of HA in COL fibers, are an important step in the develop
ment of bone tissue from microstructure to macrostructure and have 
important significance for the mechanical properties of bone. The COL 
fibers have nucleation sites for apatite crystal particles [41,42], so they 
can guide the growth of mineral crystals and arrange them along the 
fiber long axis [43]. This orderly structure is the reason that bones are 

anisotropic [44]. 
When dealing with symptoms such as fractures, bone defects, and 

nonunion, the most common method in clinical procedure is invasive 
treatment, which uses metal pins, screws, plates or rods to align and 
stabilize the bone [45,46]. These metal implants have good strength and 
integrity, but in addition to possible immune rejection, they can also 
cause stress shielding, rigidity, infection, chronic pain, and other side 
effects [46–48]. Autologous transplantation can effectively reduce the 
risks of immune rejection, while the same type of bone is limited in 
quantity and quality [49]. The composition and structure of these im
plants are different from natural bone from a bionic perspective. 
Moreover, it often requires multiple operations, which may lead to 
increasing risk of donor sites [50]. In view of the shortcomings of above 
two methods, tissue engineering is therefore proposed to improve clin
ical therapy techniques. The appropriate scaffold is fabricated by bio
materials and given more functions for replacing autogenous bone [51, 
52]. The bone repair scaffold needs to simulate natural bone structure 
and create an environment similar to the extracellular matrix (ECM), 
which provide good living situation for cells and tissues. It is also 
necessary to select the materials with good biocompatibility as natural 
bones. From the original pure biomaterial scaffolds [53,54], composite 
scaffolds [55–58], to recently proposed scaffolds loaded with specific 
functional cells and proteins [59–61], their application in bone repair 
research is more and more in-depth. In addition to ideal biocompati
bility, osteoconductivity and osteoinductivity, the bone repair scaffold 
should also have economic benefits, non-toxic and non-carcinogenic 
[62–64]. 

From the composition of bone, COL and HA were selected to fabri
cate tissue engineering scaffolds, which has great significance for bone 
repair. Pure COL scaffolds have inferior mechanical properties, so there 
are some disadvantages when they are directly used as bone repair 
materials. Pure apatite scaffolds perform better in strength and hardness 
but are inadequate in toughness. Moreover, the degradation rate of pure 
apatite scaffolds is not consistent with new bone formation [65,66]. In 

Fig. 1. Mechanical properties of COL, HA, cortical bone and cancellous bone. COL and HA have good toughness and strength respectively, while bone tissue exhibits 
the characteristics of both materials, showing excellent mechanical properties. 

Z. Li et al.                                                                                                                                                                                                                                        



Bioactive Materials 6 (2021) 1491–1511

1493

view of the problem of other scaffolds, mineralized collagen scaffolds 
(MCSs) are ideal candidates for bone repair [67,68]. In addition to 
simulating natural bone tissue in structure, the MCSs can be reprocessed 
functionally to promote performance in repairing bone defects. The 
physical and chemical properties of MCSs, such as their morphology, 
composition, cross-linking, and mechanical environment, affect repair 
of bone defects. In addition, the addition of different types of cells and 
growth factors gives the scaffolds more diversified functions. The syn
ergy of these critical factors promotes MCSs play a more important role 
in osteogenesis. The MCSs mimic the structure and composition of 
natural bone, adds appropriate cells and growth factors to build a 
like-ECM environment, which exhibits pleasant bone repair perfor
mance, as shown in Fig. 2. Compared with the composite scaffolds of 
other materials, MCSs are compatible with natural bone in composition, 
imitate bone structure and exhibit good bone repair potential. There
fore, mineralize COL was chosen to fabricate the MCSs with better me
chanical properties. 

In this review, we aim to summarize the state of the art of MCSs as 
tissue-engineered scaffolds for acceleration of bone repair, including 
their fabrication methods, critical factors for osteogenesis regulation, 
current opportunities and challenges for the future. First, the recent 
progresses in fabrication methods for building the MCSs with high bi
onic construction of natural bone tissue from traditional strategies to 
emerging three-dimensional (3D) printing techniques are recommended 
in detail. Meanwhile, various regulation approaches from physical, 
biological and chemical aspects are presented for enhancement on the 
osteogenesis of MCSs. Besides, the opportunities and challenges associ
ated with MCSs as bone tissue-engineered scaffolds are further discussed 
to point out the future directions for building the superior MCSs. 

2. Fabrication methods of MCSs 

For bioactive scaffolds, they should have osteogenic properties 
(induce intracellular and extracellular reactions), and bone conduction 
properties (provide biocompatible surfaces for bone cell migration). 
Different fabrication methods provide multiple ways of combining COL 
and minerals to obtain MCSs that are similar in composition and struc
ture to natural bone and exhibit excellent bone repair performance. 
Although the structure and morphology of MCSs fabricated by different 
methods are diverse, they all play an important role in osteogenesis. In 
this review, traditional methods to fabricate MCSs were divided into two 
types: direct mineral addition and in-situ mineralization. In addition, 3D 
printing technology as the most innovative manufacturing method was 

highlighted, which recently attracted widespread attention in the field 
of bio-manufacturing. In the direct mineral addition method, mineral 
substances (such as HA particles) were directly added to COL solution, 
and then MCSs were obtained by different molding methods. The in-situ 
mineralization method mixed mineral ions with COL solution, and then 
form minerals by in-situ deposition. In addition to effectively combining 
COL and apatite crystals, 3D printing technology control fibers regular 
arrangement in scaffold, which is the unique advantage over other 
fabrication methods. 

2.1. Direct mineral addition method 

According to the mainly ways in fabrication process, direct mineral 
addition method can be divided into three types: electrospinning, freeze- 
drying and coating methods. The three specific fabrication methods are 
shown in Fig. 3. 

2.1.1. Electrospinning method 
Electrospinning technology refers that the nano- or microfibers ob

tained by jets from solution or melt under the electric field action [69, 
70]. Electrospinning scaffolds are widely used for their advantages, such 
as large surface area-to-volume ratio, high porosity, similar mechanical 
properties and morphology to ECM [71,72]. Therefore, electrospinning 
is commonly used in tissue engineering and regenerative medical field. 

The mineralized COL fiber was used to reinforce PLA-based scaffold 
and compared performance with unmineralized scaffolds. The HA 
nanoparticle was added to COL/PLA solution and ultrasonically shaken 
to make the mixture was homogenized. The mixed solution electrospun 
to fabricate mineralized HA/COL/PLA composite scaffold. The addition 
of mineralized COL fibers significantly increased the fiber network, 
effectively improved the tensile strength, altered the fiber’s degradation 
behavior and accelerated the degradation rate of composite scaffold 
[73]. In addition, the HA/COL/PLA scaffold exhibited good cell 
compatibility with bone mesenchymal stem cells (BMSCs) and human 
gingival fibroblasts (HGF) cells and satisfied the requirements of “bio
logical evaluation of medical devices” in the process of biosafety 
evaluation. 

The polylactic acid composite (PLA/HA) solution mixed with COL 
solution and electrospun to fabricate the MCS (HA/COL/PLA) [74]. The 
performance was compared with pure PLA scaffold and PLA composite 
(HA/PLA) scaffold. The HA/COL/PLA scaffold showed better adhesion 
and proliferation on human fetal osteoblasts (hFob), and calcium 
deposition was the most obvious. These indicated that the HA/COL/PLA 

Fig. 2. The natural bone formation process 
and the bionic strategy of bone repair scaf
fold. The new bone formation process fol
lows a bottom-up principle. The hierarchical 
intrafibrillar mineralized COL are formed by 
HA and COL and serve as substance for next 
level, which is an important manifestation of 
bone hierarchical structure from micro to 
macro. The hierarchical intrafibrillar 
mineralized COL undergoes rearrangement 
and assembly to form fiber bundles. The 
mineralized fiber bundle is the basic unit of 
bone matrix and provides the necessary 
spatial structure for bone formation. The 
bionics scaffold is fabricated by simulating 
the process of natural bone formation and 
provided suitable microenvironment to pro
mote bone repair.   
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scaffold could be a potential substrate for proliferation and minerali
zation of osteoblasts than two other scaffolds, which has significance on 
enhancing bone regeneration. 

The Venugopal’s group [75–79] also proceeded to a series of studies 
on MCSs for bone repair. The mainly fabrication method was adding 
nano-HA particles to COL solution, and then electrospinning to obtain 
the MCSs. A series of experimental results proved that the MCSs have 
significantly positive effect on enhanced mineralization. The mineral 
deposition on MCSs was increased significantly, and mechanical prop
erties were also improved compared with pure polymer scaffolds and 
composite scaffolds of other materials. The mineralized scaffold also had 
an important promotion effect on osteoblasts activity, which contributes 
to the new bone regeneration. 

The MCSs fabricated by electrospinning possessed compact structure 
and suitable porosity for cell penetration, so it is especially profitable for 
tissue engineering. The electrospinning MCSs have sufficient micropo
rous structure, which can solve the problem of limited space for cell 
proliferation. The fibers in electrospinning MCSs ranged from nano-to 
micrometer and reached the fiber diameter of ECM, which is condu
cive to the cell growth and proliferation. This characteristic of MCSs 
cannot be achieved by other traditional fabrication techniques and plays 
an irreplaceable role in the field of tissue engineering and regenerative 
medicine. 

2.1.2. Freeze-drying method 
The freeze-drying method pretreated model at sufficient freezing 

temperature to convert the water in gap into ice crystals. The ice crystals 
sublimated into water vapor at a certain temperature and pressure. Then 
the residual solution was removed to obtain porous scaffolds [80]. 
Although the treatment process was simple, its low-temperature char
acteristic was beneficial to protect the collagen structure from damage, 
so it was also used to prepare the MCSs. 

The MCSs fabricated by freeze-drying method with different mineral 
contents [81]. The HA particles were added to COL solution, then the 
mixed solution was freeze-drying. All group scaffolds were cross-linked 
and sterilized using dehydration heat treatment. The improvement of 
MCSs mechanical properties was related to the increase of HA incor
poration and further amplified by cross-linking treatment. The addition 
of HA provided excellent function of cell adhesion and osteogenesis and 
promoted early expression of osteogenic markers and cell-mediated 
mineralization. These results indicated that the MCSs fabricated by 

incorporating non-aggregated HA nanoparticles have great osteoinduc
tivity and can be used in bone repair and related fields. 

The mineralized composite scaffold applied to the critical skull 
defect model of New Zealand white rabbits, which was fabricated by 
directly adding β-TCP to COL solution [82]. The COL/β-TCP scaffolds 
showed better bone repair effect than pure COL scaffold and signifi
cantly improved the differentiation of mesenchymal stem cells to oste
oblasts. The COL/HA suspension was poured into molds and lyophilized 
at a low temperature. The resulting samples were dehydrated in ethanol 
to remove ice crystals and dissolve mold materials. Finally, the liquid 
carbon dioxide was used only for drying scaffold to obtain the porous 
MCSs. The microstructure, biodegradation and mechanical properties of 
MCSs can be effectively improved by adjusting experimental parameters 
[83]. 

The COL gel and HA powder mixed in different ratios to achieve 
composite gel, which was dried in air and then freeze-dried to fabricate 
MCSs. The density and porosity of MCSs changed with different mineral 
ratios and initial air-drying time. The maximum porosity reached 97%, 
and the minimum reduced to 27% [84]. The MCSs with different 
morphology and specific porosity/density could be easily obtained by 
freeze-drying method, which achieved the performance requirements of 
scaffolds for bone defects under different conditions. 

The fabrication process of freeze-drying method is simple, while 
requires additional treatment to obtain the MCSs with exceptional bone 
repair effect. The MCSs fabricated by this method mostly are loose 
porous structure. This method can control internal structure and 
porosity of scaffold, but there is yet no consensus on concrete action 
model and quantitative parameters. The MCSs performance can be 
further optimized by adjusting content and type of mineral and pro
cesses of pretreatment and drying. These researches provided reference 
value for the optimal morphology and porosity of MCSs, which reveal 
better bone repair performance. 

2.1.3. Coating method 
This method refers to coating another material on the substrate 

surface to enhance adhesion and cohesion. This biocompatible coating 
treatment improved biological behavior of the composite scaffold. The 
MCSs fabricated by coating method through immersing the pre
fabricated HA scaffold into COL solution. The COL fiber penetrated 
complete HA scaffold and attached to the inside and outside. 

The HA liquid precursor deposited on a substrate by plasma spraying 

Fig. 3. The illustration of three direct addition methods for fabricating MCSs. The methods of freeze-drying and coating are relatively simple. Compared with these 
two methods, the scaffold fabricated by electrospinning is made by fibers accumulation, which structure is more similar to the natural bone matrix. 
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process and then modified the porous apatite coating with COL, COL/ 
rhBMP-2 and COL/RGD solutions, respectively [85]. The adhesion, 
proliferation and differentiation of mesenchymal stem cells on MCSs 
were significantly improved. The additional incorporation of rhBMP-2 
and RGD further enhanced the proliferation and differentiation of 
mesenchymal stem cells. The vivo experiments showed that rhBMP-2 
has obvious ectopic bone formation and accelerated bone growth ef
fect. The reason why MCSs fabricated by COL-coated HA-precipitated 
represent excellent osteogenesis is that COL was the effective carrier for 
osteogenic proteins. 

The mixed powder of HA and titanium dioxide sprayed onto the pre- 
sandblasted Ti6Al4V substrate. The sprayed samples executed alkaline 
treatment to increase the –OH concentration of surface. The scaffold 
then soaked in acidic COL solution, so that COL bonded to the -OH on 
HA surface. The COL fiber adhered well on MCSs surface, which is 
conducive to cell adhesion and differentiation compared with scaffolds 
treated by other processes [86]. 

The coating method is adopted by researchers due to its simple 
fabrication process. The MCSs fabricated by COL-modified HA not only 
bionic natural bone in composition and morphology but also enhance 
bone integration and early fixation of bone-implant interface. However, 
the amount of COL deposited in apatite-base scaffold by this method is 
restricted. This is an urgent problem that restricts its further application 
in the bone repair field. How to strengthen the combination of COL and 

HA in MCSs and obtain a suitable organic/inorganic ratio are problems 
that restrict development of coating method. 

The MCSs fabricated by different ways of direct mineral addition 
method showed the effect of promoting bone repair. The main difference 
of MCSs was reflected in the micro-morphology, as shown in Fig. 4. The 
MCSs showed nano-fibers structure fabricated by electrospinning 
method, porous thin layer structure by freeze-drying method, and sheet 
structure with particles attached by coating method. The MCSs with 
different structure exhibited the ability to promote bone cell adhesion, 
proliferation and differentiation. These indicated that MCSs fabricated 
by direct mineral addition method has an excellent potential of bone 
repair. 

2.2. In-situ mineralization method 

The in-situ mineralization method refers that adding calcium and 
phosphate ions rather than mineral crystals to the COL solution system 
or immersing the prefabricated COL scaffold into a solution containing 
two mineral ions. Mineral ions are deposited on COL fibers and gradu
ally crystallize and grow in this method. This in-situ mineralization is 
more similar to the mineral forming process of natural bone, so the 
scaffold’s structure is closer to natural bone. This is the reason why this 
method is most used for fabricating bone repair scaffolds. This paper 
divided in-situ mineralization method into five categories according to 

Fig. 4. The morphology of MCSs fabricated by electrospinning (A and B), freeze-drying (C) and coating (D) methods and the results of bone cell culture in vitro. A: 
The schematic diagram of fabrication strategy, morphology and cell compatibility of HA/COL/PLA composite scaffold. The MCSs significantly improved mechanical 
properties and exhibited excellent cell compatibility. Figure from reference 73. B: SEM images of electrospun I) PLA, and II) HA/COL/PLA scaffold. The hFob 
interaction with III) PLA and Ⅳ) HA/COL/PLA nanofibrous substrate after culturing 20 days. The HA/COL/PLA scaffold is more advantageous to cell adhesion and 
proliferation on hFob. Figure from reference 74. C: The COL, S-100 (1:1 HA/COL), and S-500 (5:1 HA/COL) scaffolds fabricated by freeze-drying method. I) The SEM 
images of three scaffolds. Three scaffolds promoted earlier expression of II) osteopontin and III) osteocalcin at day 14. The MCSs considerably promoted the markers’ 
expression of bone formation. Scale bar = 100 μm. Figure from reference 81. D: The HA, HA-COL scaffolds fabricated by coating method. The control group not 
executed alkali treatment and collagen coating. I) Surface of two scaffolds. II) the fluorescent live/dead staining of osteoblasts at 7 days. III) morphology and 
distribution of osteoblasts on two scaffolds at 7 days. The COL-coated group had an observable effect on promoting osteoblasts proliferation, differentiation and 
mineralization than the control group. Figure from reference 86. 
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the different treatment process: self-assembly, electrodeposition, vesicle 
deposition, vapor deposition and multi-process methods. The illustra
tion of in-situ mineralization method is shown in Fig. 5. 

2.2.1. Self-assembly method 
The self-assembly concept proposed by Grzybowski refers that the 

components automatically organize into patterns or structures without 
human intervention [87]. This method is widely used in the entire 
natural and technical field. The highly hierarchical mineralized intra
fibrillar (HMI) apatite nanocrystals can be assembled within recon
stituted type I COL fibrils using self-assembly approach [88]. The MCSs 
fabricated by self-assembly exhibited potential of delivering growth 
factors in bone regeneration field. 

The simulated body fluid (SBF) mixed with COL solution and 
adjusted the pH to incubate samples at room temperature. The COL fi
bers self-assembled to form mineralized COL hydrogel, which was then 
compressed and freeze-dried to obtain the MCSs [89]. The MCSs ob
tained by this method exhibited excellent biocompatibility in vivo and 
vitro and promotion on cell proliferation. In addition, the MCSs exhibi
ted hierarchical structure for presence of template analogs. This struc
ture had significantly reference value for preparing scaffold, which is 
similar to natural bone in structure. 

Pure COL scaffold is immersed in SBF containing Portland cement to 

fabricate the mineralized scaffold [90]. The role of sequestration and 
temptation analogs was also explored in COL mineralization process. 
When polyacrylic acid (PAA) existed as sequestration analogs, calcium 
and phosphate ions chelated into the transient ACP nanophase. Without 
sequestration analogs, sodium trimetaphosphate (STMP) and sodium 
tripolyphosphate (STPP) as the temptation analogs leaded extrafibrillar 
precipitation of apatite, which randomly oriented along the COL fibril 
surface. The sequestration analogs and temptation analogs be employed 
together to form intrafibrillar mineralized COL, which is very similar to 
natural bone structure. The PAA and STMP/STPP were used as double 
bionic analogs to prepare hierarchical intrafibrillar mineralized collagen 
scaffolds (HIMCSs), which have significance for understanding the 
mineralization process in natural bone. 

In order to explore the role of non-COL protein (NCP) in minerali
zation process, The PAA as the NCP analogs to fabricate HIMCSs, 
nonhierarchical intrafibrillar mineralized collagen scaffolds (NIMCSs) 
and extrafibrillar mineralized collagen scaffolds (EMCSs) [91]. The 
HIMCSs provided optimal microenvironment to regulate osteoblastic 
differentiation of stem cells and proper degradation rate for new bone 
ingrowth than other scaffolds. The bone regeneration is significantly 
improved via the hierarchical nanostructure, which was similar to nat
ural bone. Distinct nanometer-scale surface topographies of different 
MCSs were the key element to modulate stem cell fate. This is useful 

Fig. 5. The illustration of in-situ mineralization method for fabricating MCSs. Self-assembly, electrodeposition and vesicle deposition methods fabricated MCSs 
through COL and mineral co-precipitation. Vapor deposition prefabricated the COL scaffold chelated with calcium ions, then provide other mineral ions by 
vapor deposition. 

Z. Li et al.                                                                                                                                                                                                                                        



Bioactive Materials 6 (2021) 1491–1511

1497

both in understanding the mechanism of natural bone mineralization 
and identifying important bio-properties of hierarchical nanostructures. 

For fabrication of MCSs by self-assembly method, the Cui group of 
Tsinghua University did a series of researches. Cui et al. [92–95] added 
calcium ion solution and phosphate solution to dilute COL solution and 
then adjusted the pH to neutral. The precipitates were collected by 
centrifugation and freeze-dried to obtain MCSs. In results of the 
high-resolution transmission electron microscope, it can be observed 
that the mineralized COL fibrils are arranged in parallel with each other, 
and HA crystals grow on the surface of these fibrils. The COL/HA 
composite scaffold fabricated by self-assembly holds the like-bone hi
erarchical structure. 

The ampholyte carboxymethyl chitosan (CMC) also stabilized 
amorphous mineral particles under acidic conditions and doped the 
biologically active elements strontium or silver into collagen fibers to 
realize the synergy of collagen self-assembly and mineralization [96]. 
This strategy fabricated strontium-doped collagen scaffolds (Sr-CS) with 
both osteogenic and osteoimmune induction effects, and silver-doped 
collagen scaffolds (Ag-CS) with antibacterial effects. Mineralization of 
fibrillar COL with bionic process-directing agents enabled scientists to 
gain insight into the potential mechanisms involved in intrafibrillar 
mineralization. In addition to the factors mentioned above, the balance 
between osmotic equilibrium and electroneutrality is also notable for 
self-assembly mineralization in COL fiber [97]. This theory establishes a 
new model for COL intrafibrillar mineralization that supplements 
existing COL mineralization mechanisms, but the specific role has not 
been thoroughly studied yet. 

2.2.2. Electrodeposition method 
Electrodeposition was a high-speed and effective method for fabri

cating MCSs. It required that the mineral exists in electrochemical cell in 
the form of ions [98]. When the appropriate voltage or current was 
provided, mineral ions will be deposited on the corresponding base plate 
to form scaffold. The electrodeposition strategies to fabricate MCSs not 
demanded harsh conditions, and the choice of dissolution was broader 
[99]. In addition, the electrodeposition method allowed a variety of 
materials deposited on a substrate to form the complex scaffold with 
multi-functional and different nanostructures, which can be developed 
by changing experimental parameters [100,101]. 

The appropriate amount of Ca(NO3)2 and NH4H2PO4 was dissolved 
in distilled water as the electrolyte, and then added soluble type I COL 
solution. The current of 34 mA was implemented at room temperature to 
form the COL/calcium phosphate (CaP) composite scaffold on the 
cathode plate [102]. The mineral crystals in scaffold surround COL fi
bers, which are partially calcified during the assembly of COL molecules. 
The MCSs fabricated by electrodeposition had strong ability to bind 
fibronectin and bioactive surface that promote bone formation and 
implants fixation. The MCSs also had metal chip load capacity, which 
will play a major role in the medical equipment field. 

The CaP/COL scaffold was deposited on a carbon-based substrate by 
using the electrochemically assisted deposition method. The COL solu
tion was added to electrolyte with calcium and phosphate ions. The 
CaP/COL composite scaffold was fabricated under constant current and 
immersed in Ca(OH)2 solutions. The MCSs represented three- 
dimensional network structure, and the CaP aggregates were evenly 
spread on COL network. With the COL concentration increased, the 
mechanical properties of scaffolds also improved [103]. 

The electrodeposition method exhibited many advantages, such as 
easily control process, low fabricated temperature, and suitability for 
complex implant geometries. When it was utilized to fabricate the MCSs, 
mineral crystals evenly spread on COL network and effectively solved 
the problem of mineral aggregation. This method also provides a good 
choice for fabricating MCSs with uniform mineral distribution. 

2.2.3. Vesicle deposition method 
During the bone formation in some parts of human body, HA crystals 

are derived from calcium and phosphate ions deposited in non-cellular 
liposomes vesicles. Liposomes are continuous, closed, round vesicles 
formed by one or several layers of phospholipids dispersed in an aqueous 
medium. Nanoliposomes are naturally soft nanoparticles with biocom
patibility, biodegradability, easily preparation, handling and decora
tion, and low toxicity, which have been widely used in drug and gene 
delivery, and tissue engineering. In order to simulate the mineralization 
process in nature, some researchers proposed to encapsulate calcium 
and phosphate ions in vesicles. These liposomes vesicles were embedded 
in ECM and mainly composed of COL [104,105]. Different driving 
strategies were then used to release mineral ions and mineralize them in 
the matrix. The MCSs fabricated by vesicle deposition not only supplied 
excellent bone repair scaffold, but also provided a new perspective for 
understanding the collagen mineralization process. 

The calcium and phosphate ions were encapsulated in the lipid 
mixture consisting of dipalmitoylphosphatidylcholine (90 mol%, DPPC) 
and dimyristoylphosphatidylcholine (10 mol%, DMPC). Then the lipo
some vesicles were added to COL solution and heated to 37 ◦C to obtain 
the mineralized COL gel scaffold. The minerals were distributed in COL 
matrix in the form of single particles or mineral aggregates, which was 
formed by the liposomes release of calcium and phosphorus ions. In 
addition, the minerals exhibited a certain orientation along the COL 
fiber surface. This strategy encapsulated mineral ions in the 
temperature-sensitive liposomes vesicle and then released under the 
action of thermodynamic force [106]. Two mineral ions released and 
combined with COL gel to fabricate the mineralized COL gel scaffold. 
This heat-driven vesicle mineralization method has a great potential in 
the injectable medical materials field and provides new solution for 
minimally invasive reconstruction of bone and tooth tissue. 

The liposome vesicles used for biofabrication of MCSs have some 
advantages that other methods do not have. It cannot only obtain 
mineralized fibers with a certain orientation, but also provide unused 
research method for the mineral deposition during the new bone for
mation. The mineralized collagen material obtained by this method has 
higher fluidity, so it can be used as an injectable material to fill specific 
defect sites. At the same time, the mineralized collagen gel is also a safe 
drug or protein supporter. The drug or protein is encapsulated in 
collagen gel through crosslinking and achieves the effect of controlled 
release. This collagen gel has thermal response and can control its 
mineralization process by simple treatment. This simple physical 
response system has significant development value and can be used in 
bone repair model, which is low trauma, intelligent release and encap
sulated cells and proteins. 

2.2.4. Vapor deposition method 
Regarding the mineralization process, most strategies provided 

mineral ions from solution, while some scholars get mineral deposition 
by gas to achieve the purpose of mineralization. The calcium ions first 
chelated on COL fibers and another mineral ion was provided by vapor. 
When the two mineral ions contacted, mineralization process occurred 
to obtain the MCSs. The vapor deposition method fabricated MCSs with 
uniform minerals and provided another mineralization research strat
egy. However, the requirements for minerals were more stringent in this 
method. It required mineral easily produces gas-phase ions, so carbonate 
was often selected. 

The COL dissolved into the hexafluoroisopropanol (HFIP) solution 
with calcium ions and catecholamines. The composite solution electro
spun under appropriate conditions to fabricate fiber scaffold. The pre
fabricated COL fiber scaffold was enclosed in a sealed desiccator with 
(NH4)2CO3 powder to fabricate MCSs. The MCSs morphology and better 
osteogenic properties than the control group were shown in Fig. 6 [107]. 
There is recognizable mineral precipitation in MCSs, and its excellent 
mechanical properties achieved the limit of cancellous bone. At the same 
time, the presence of catecholamines makes the MCSs with photo
luminescent properties. Compared with pure COL scaffolds or tissue 
culture plates, MCSs enhanced Osteoblasts adhesion, penetration, 
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proliferation and differentiation, and osteogenic gene expression for 
hFob. 

The vapor deposition method for fabricating MCSs has been limited 
in mineral selection. The traditional phosphates difficult exist in gas 
form, so carbonate often used in the mineralization process as a sub
stitution. Appropriate selection range of mineral ions has great signifi
cance to broaden the application fields of vapor deposition method. 

2.2.5. Multi-process method 
The MCSs obtained by a single fabrication method usually not satisfy 

all requirements in actual condition, so it is necessary to combine mul
tiple process methods used together. The MCSs fabricated by combina
tion method of electrospinning and freeze-drying, which composed of 
nanofiber structure and represented uniform mineral distribution. The 
MCSs fabricated by combination method of self-assembly and 3D 
printing exhibited specific shape and hierarchical structure. The ideal 
tissue engineering scaffold fabricated by multi-process method, which 
exhibits the characteristic of different MCSs. However, how to combine 
different fabrication processes and choose appreciate method to 
combine are problems that are taken into account by researchers. In the 

following, the MCSs fabricated by multi-process method will be briefly 
introduced to provide reference for more researchers. 

The calcium and phosphate ions were added into gelatin solution 
respectively, and then mixed to precipitate HA/gelatin matrix. After 
freeze-dried, the matrix was redissolved in organic solvent and elec
trospun under controlled conditions to obtain mineralized gelatin fiber 
scaffold [108]. Combining the freeze-drying and electrospinning 
method, mineralized gelatin scaffold represented similar internal 
structure to natural bone, which fabricated by HA crystals evenly 
distributed in the gelatin matrix. When this scaffold used for bone repair 
research, it was found that the MCSs had better bone-derived cellular 
activity and more obvious bone repair effect than the pure organic 
polymer scaffold. This method could produce biomedical scaffolds with 
controlled gradients, so its potential for guiding tissue regeneration is 
huge. 

The MCSs with isotropic equiaxed structure or unidirectional 
laminar structure fabricated by combining self-assembly and freeze- 
casting methods. The COL solution was put into modified-SBF (m-SBF) 
for in-situ precipitation of apatite crystals. The precipitate was taken out 
and controlled freezing-casting to obtain MCSs. The scaffold contained 

Fig. 6. The morphology of MCSs fabricated by self-assembly (A), electrodeposition (B), vesicle deposition (C) and vapor deposition (D) methods and characterization 
of bone repair effect. A: The SEM image and corresponding unstained TEM images of HIMCSs (I), NIMCSs (II) and EMCSs (III). Rat bone marrow stem cells (rBMSCs) 
morphology after 1 d of culturing on the I, II and III. The rBMSCs seeded on HIMC showed long filopodia and thick stress fiber formation, which exhibits highly 
branched “osteocyte-like” shape. Ⅳ) Bone regeneration in vivo after implantation with I, II and III for 12 weeks. Ⅴ) Bone volume of the defect area from different 
groups based on micro-CT test. Ⅵ) Semi-quantitative analysis of new bone based on histologic examination. Figure from reference 91. B: The morphology of 
composite scaffold with different COL concentrations: I) without COL, II)100 mg/L, III) 500 mg/L, Ⅳ) cross-sectional morphology of 500 mg/L, Ⅴ) immersed in Ca 
(OH)2 solution of 500 mg/L. With COL concentration increased, the network structure formed more obvious. After immersing in Ca(OH)2 solutions, the nanofiber 
structure of MCSs resembled natural bone. Figure from reference 103. C: The SEM image of vesicles only containing COL after dried (I). The low magnification SEM 
image (II) and freeze-fracture TEM image (III) of mineral/COL composite scaffold (COL concentration = 3.22 mg/ml, [Ca2+] = 26 mM, [P] = 25 mM). The composite 
scaffold is composed of COL fibers and apatite crystals attached to the surface of vesicle. Figure from reference 106. D: The scaffold’s morphology and expression of 
osteogenic proteins by hFob cells seeded on scaffolds. I) pure COL scaffold (ES_Coll), II) composite scaffold containing norepinephrine (NE) and Ca2+ (Coll_NE_Ca), 
III) mineralized scaffold fabricated by vapor deposition (Coll_pNE_Ca). The MCSs obtained by vapor deposition method showed extensive roughness and ripples, 
which indicate that its tensile strength, hardness and toughness increased significantly. The expression of osteocalcin (OCN), osteopontin (OPN), and bone matrix 
protein 2 (BMP-2) in mineralized scaffold increased meaningfully, which indicates that it has a better performance for new bone formation. Figure from refer
ence 107. 
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bone-shaped apatite nanoparticles, and the mineral content could be 
controlled by adjusting initial amount, up to 54 wt% [109]. In the mouse 
model of cranial skull defect, it was found that the scaffold has excellent 
support for new bone formation. The formation mechanism of equiaxed 
and hierarchical scaffolds was studied, and the freezing mechanism of 
equiaxed and hierarchical solidification was also established. 

The MCSs also can be fabricated by method of alkaline phosphatase- 
catalyzed calcification [110]. Alkaline phosphatase coated on COL 
scaffold as the source of phosphate. The pretreatment scaffold then 
hydrolyzed in solution with calcium ions to generate apatite deposition. 
Eight to ten layers COL/CaP scaffold were obtained through multiple 
coating and mineralization. This MCSs exhibited favorable mechanical 
strength and maintained translucency and flexibility in the air. This 
composite scaffold also represented stability in water, which promote 
adhesion and proliferation of fibroblasts. 

The single fabrication technology is difficult to satisfy construction of 
complex bionic structures in vitro. Therefore, the combination of 
different technologies was regarded as a clear and necessary emerging 
trend in biofabrication field. The multi-process fabrication method can 
develop scaffolds with more bionic characteristics and structures. For 
example, the porosity of the scaffold increased without affecting the 
biomechanical properties and biocompatibility [111]. It is conducive to 
the further development of tissue engineering to choose the appropriate 
method according to different requirements. 

The MCSs fabricated by different in-situ mineralization methods also 
showed differences in morphology, but all have the effect of promoting 
bone repair, as shown in Fig. 6. The in-situ mineralization method for 
fabricating MCSs was more in line with the natural bone formation 
process, so the hierarchical intrafibrillar mineralized structure in 
collagen was obtained, while this effect could not be obtained by the 
direct mineral addition method. 

2.3. 3D printing method 

3D printing, also known as additive manufacturing technology, in
cludes different methods of powder-based 3D printing (3DP), stereo
lithography (SLA), fused deposition modeling (FDM), selective laser 
sintering (SLS) and extrusion printing [112–114]. Compared with the 
traditional method introduced above, the unique advantage of 3D 
printing method is that can precisely control the fiber arrangement 
[115–117]. 3D printing refers to setting up the certain trace in advance 
according to required model, and then printing to get the scaffold with 
specific shape [118]. In the fabrication process of MCSs, extrusion 
printing is usually used, which has the advantages of realizing custom
ized shapes, precise pore size control, high pore interconnection rate, 
and rapid production [119–121]. The MCSs fabricated by 3D printing 
method not only fulfil the unique shapes requirements of bone defect 
parts, but also have more controllability in the microstructure. With the 
improvement of tissue engineering technology, in addition to printing 
simple biological scaffold, more researchers have turned their attention 

to print complex biological structures [122–124]. The complex systems 
of micro-tissue structures or organoid morphology, which combine cells, 
growth factors and other substrates with scaffold materials, will play an 
extremely important role in regenerative medicine [125,126]. The ten
dency is same for development of bone repair, which from pure scaffold 
to complex biological scaffold loaded with cells. 3D printing is an 
important method in fabricating tissue engineering scaffold, the illus
tration of 3D printing method for fabricating MCSs was shown in Fig. 7. 
Next, the 3D printing method for fabricating MCSs will be introduced. 

The triple helix structure of COL is untwisted at 40 ◦C, so the fabri
cation of COL scaffolds required printing at room temperature or even 
low temperature. Pei et al. [127] individually homogenized COL and HA 
in acetic acid solution and mixed the two slurries to produce printing 
ink. The printed scaffold was further cross-linked to improve its me
chanical properties and sterilized with ethylene oxide for subsequent 
experiments. The MCSs exhibited an excellent 3D structure, maintained 
raw material properties after printing, promoted the proliferation of 
bone marrow stromal cells in vitro and improved the osteogenesis, as 
shown in Fig. 8. This low-temperature 3D printing strategy can incor
porate a variety of active factors into the mineralized scaffold. This 
research provided a bio-manufacturing method, which not damage the 
material’s biological activity. It will be widely used in the field of tissue 
engineering and organoid manufacturing. 

Directly 3D-printed CaP scaffold and then coating the COL layer, 
which method also fabricated MCSs with excellent bone repair perfor
mance. The CaP powder and acid binder solution (phosphoric acid 
diluent) were used for printing. The printed scaffold quickly immersed 
in 0.1 wt% phosphoric acid solution, and then washed in deionized 
water to improve the surface adhesion and remove residual acid solu
tion. The pretreated scaffold immersed in COL solution, so that it coated 
with COL. Finally, the MCSs obtained by air-dried and sterilized. The 
COL coating can significantly improve the maximum bending strength 
and cell viability of MCSs [128]. The MCSs also showed bone conduc
tivity, which can promote new bone growth. 

Deproteinized bovine bone (DBB) particles as an additive promoted 
the bone repair performance of scaffold. The HA and DBB particles were 
respectively added to acidic COL solution to prepare bio-ink. The two 
kinds of MCSs obtained by freeze-drying, crosslinking, washing and 
freeze-drying again. Pure COL scaffold was fabricated by the same 
process as control group. The two mineralized scaffolds both exhibited 
porous structure, and HA/COL scaffolds showed better mechanical 
properties than DBB/COL scaffolds [129]. This was because HA particles 
are smaller and more evenly distributed on COL surface. Compared with 
pure COL scaffolds, the MCSs were more excellent in inducing osteo
genic gene expression and cell proliferation. The physicochemical and 
biological properties of MCSs fabricated by 3D bioprinting were suitable 
as porous bone substitutes, which plays an important role in the field of 
specific shape bone defects. 

In addition to MCSs, the extra cells also play an important role in 
bone repair. Due to its unique low-temperature fabrication strategy, 3D 

Fig. 7. The illustration of 3D printing methods for fabricating MCSs. The COL and apatite particles mixed and printed at a low temperature to prepare MCSs 
containing mineral crystals in fibers. 
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bio-printing technology can print COL ink loaded cells, as shown in 
Fig. 8. The cell-loaded α-TCP/COL scaffold fabricated by a two-step 3D 
printing method. The COL solutions containing α-TCP and cells were 
printed layer by layer alternately. Finally, the scaffold was cultured in 
medium and washed in phosphate buffer saline (PBS). Compared with 
the cell-loaded scaffold by simple impregnation, the 3D printed cell- 
loaded α-TCP/COL scaffold exhibited better osteoblast activity and 
mineral deposition [130]. This indicated that the MCSs have potential 
for bone repair application. In addition, the change of control parame
ters during printing process showed an impact on scaffold morphology, 
such as the diameter of printing nozzle, air pressure, and ink 

characteristic. The scaffold possessed exact requirements can be ach
ieved by 3D printing method through an appropriate control parameter. 

In the field of bone tissue engineering, the main advantage of low- 
temperature 3D bioprinting was that it can produce polymer-mineral 
composite scaffolds with specific morphology. In suitable conditions, 
the printing-ink fabricated scaffold loaded osteoblasts to further pro
mote the bone repair effect. Compared with traditional metal printing or 
other rapid prototyping technologies, the low-temperature 3D bio
printing has further selection ranges of materials, which has been used 
to fabricate a variety of composite scaffolds as bone repair materials. 
Due to its low-temperature properties, low-temperature 3D bioprinting 

Fig. 8. The cell-free and cell-containing 3D printed MCSs and their effects on bone repair in vivo and in vivo. A: The cell-free MCSs fabricated by Low-temperature 3D 
printing method. I) Schematic diagram of preparation strategy and effect of bone repair in vivo. II) Measurement of BMSC proliferation on scaffolds using the CCK8 
assay at 1, 4, 7, and 11 days after seeding. III) ALP activity of BMSCs on scaffolds 7 and 14 days after seeding. Ⅳ)Histological analysis of new bone formation around 
and within the scaffolds in the rabbit femoral condyle defect model. Group ⅰ-ⅲ represented 3D printed scaffold with various rod widths. Group ⅳ represented 
nonprinted scaffolds. Group N was the control group, which cultured cells with osteoinductive medium but not seeded on a scaffold. After Van Gieson staining, newly 
formed bone stains red; the tissue stained dark blue is fibrous tissue. Scale bar: 100 μm. The interconnecting pores within the printed scaffolds facilitated cell 
penetration and mineralization before the scaffolds degraded and enhanced repair. Figure from reference 127. B: Fabrication schematics and osteogenic activities of 
cell-loaded scaffolds. I) a 3D cell-laden α-TCP/collagen scaffold using cell printing. II) Relative alkaline phosphatase (ALP) activity. III) Relative calcium deposition 
and Ⅳ) relative area of OPN images of scaffolds (n = 5). Ⅴ) Optical images of Alizarin Red S (ARS) and osteopontin (OPN) staining of the scaffolds after cell culture 
for 14 days. CLCS: cell-laden collagen scaffold. TC-CDIP: 3D α-TCP/collagen scaffold was dipped into a cell-laden collagen solution. TC-CPRINT: the cell-laden 
collagen solution was printed onto 3D α-TCP/collagen scaffold and repeated several times. The cell-loaded scaffold demonstrated significantly higher cellular ac
tivities, including metabolic activity and mineralization, compared with the control group. Figure from reference 130. 

Table 1 
Advantage and disadvantage of different fabrication methods of MCSs.  

Fabrication methods Advantage Disadvantage Ref 

Direct mineral addition 
method 

Electrospinning method Fiber diameter is nanometer level Irregular arrangement of fibers 73–79 
Freeze-drying method Low temperature; loose porous structure Simple shapes 81–84 
Coating method Enhanced adhesion and cohesion Restricted COL amount 85, 86 

In-situ mineralization 
method 

Self-assembly method Hierarchical mineralized intrafibrillar Long time; additional analogs 89–95 
Electrodeposition 
method 

Wider application field; uniform mineralization Surface mineralization 102, 103 

Vesicle deposition 
method 

Heat-driven; safe supporter of drug or protein Narrow temperature range 106 

Vapor deposition 
method 

Uniform and internal mineralization Limited mineral sources 107 

Multi-process method Multiple morphology and functions; satisfy specific 
requirements 

Intractable conflicts in different methods 108–110 

3D printing technology Unique shapes; regular arrangement; precise size control; 
biofunctionalization 

Insufficient printability of ink; thicker 
fiber diameter 

127–130  
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can compound multiple components such as cells, proteins and minerals. 
This bionic scaffold at tissue and organ level was the utmost importance 
for the development of bone tissue engineering. 

Different fabrication methods present its unique advantages and 
disadvantages. Therefore, we summarize and compare the significant 
advantages and disadvantages of fabrication methods of MCSs in 
Table 1. Among these methods, the unique advantages of electro
spinning and 3D printing are obvious. Electrospinning technology is 
widely used in the field of tissue engineering because the diameter of its 
fibers is at nanometer level. While its irregular arrangement restricts its 
further application. 3D printing technology can perfectly overcome the 
drawback of fiber arrangement. With the development of 3D printing 
technology, more suitable bio-inks will be provided, the line will be 
thinner, and the accuracy of arrangement will be further improved. If 
advantages of the two methods are combined, MCSs will exhibit more 
excellent structure and osteogenic properties and play a greater role in 
bone repair and even biomedical engineering fields. 

3. Critical factors in osteogenesis of MCSs 

Since the concept of tissue engineering was proposed by Prof. Robert 
Langer, researchers awarded the importance of synergy between bone- 
like scaffolds and microenvironment systems, which showed better tis
sue repair effect [131]. Bone regeneration need four basic conditions: 
osteoinduction, cell response to osteogenic signals, appropriate ECM 
environment, and regional vascularization [132]. According to the 
above four basic conditions, MCSs behave sufficient mechanical support 
and provide a suitable growth environment for bone regeneration. The 
critical factors in osteogenesis of MCSs were analyzed from three as
pects: physics, biological and chemistry, in order to explore the further 
effects on bone repair. In these three aspects research, chemistry and 
biology occupied the majority. As an important manifestation of physics, 
mechanical action was often ignored before. In the following, the me
chanical action was regarded as a single factor in physics and 
emphasized. 

3.1. Physical cues 

3.1.1. Mechanical action 
Natural bone was the mechanically sensitive tissue that can sense 

and respond to external mechanical effects [133–135]. Bone cells, 
including osteocytes, osteoblasts and osteoclasts, were widely studied as 

mechanical sensors during bone remodeling [136]. These cells consti
tuted the basic multicellular unit in the bone remodeling chamber [137]. 
In order to respond to external mechanical stimuli in timely and accu
rate, these cells achieved crosstalk through cell-to-cell contact or 
transmission of signal molecules [138–140]. Researches evidenced that 
at the cellular and molecular levels, bone cells and interstitial fluid can 
also sense and respond to external mechanical loads [141]. During the 
mineralization process of bone matrix, fluid shear stress (FSS) played the 
dominant mechanical role [142,143]. Therefore, there is great signifi
cance to explore the FSS effect on transformation of mineral crystals and 
mineralized COL fibers during new bones formation [144]. 

The Niu group has made a series of studies about the FSS effect on 
COL fiber mineralization, as shown in Fig. 9. In early stage, the FSS 
contribution to conversion of ACP to bone apatite was studied [145]. It 
was found that the application of low FSS has positive effect on trans
formation of ACP to calcium deficient HA (CDHA), and high FSS has 
negative impact on this transformation process. When FSS applied to 
pure COL, the entanglement between COL fiber segments was easier cut 
and assembled in single direction to form an ordered structure [146]. 
Next, the authors explored the effect of low FSS on COL mineralization 
[147]. The calcium and phosphate ion added to diluted COL solution 
and adjusted the pH to alkaline. Different FSS applied to the composite 
solution and then freeze-dried precipitate to obtain MCSs. Under the 
action of FSS, ACP particles were smaller and dispersed in COL fibers, 
which leads to intrafibrillar mineralization. The 1.5 Pa FSS exhibited 
positive effect on COL mineralization, which is specifically manifested in 
the enhanced degree of COL self-assembly, the acceleration of formation 
and transformation of ACP, and the well-orderly structure and orienta
tion of apatite. In addition to the magnitude of FSS, the effect of different 
types FSS on COL mineralization was also researched [148]. The COL 
composite solution was prepared by above way, then applied periodic 
1.0 Pa FSS and freeze-dried precipitate to obtain the MCSs. With the 
loading of periodic FSS, ACP can penetrate in COL fibers and be further 
transformed into HA crystals. The periodic FSS was conducive to form 
highly oriented hierarchical intrafibrillar mineralized (HIM) COL. This 
HIM structure is closer to mineralized COL structure of natural bone. 

There is great significance to understand the role of FSS on collagen 
mineralization. This not only contributes to investigate the mechanism 
of collagen mineralization, but also guides researchers to fabricate MCSs 
with HIM structure. The research of FSS effect only reported on miner
alized COL level, its effect on whole process of bone regeneration has not 
been fully reported. In addition, the FSS is mostly suitable for in vitro 

Fig. 9. FSS play an important role in promoting COL mineralization. FSS acting on COL fibers promoted the fibers assemble in single direction to form an ordered 
structure. Figure from reference 146. FSS acting on ACP promoted its transition to HA. FSS acting on composite solution of COL and ACP formed HIM COL. 
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research currently. How to apply it to the whole tissue engineering is 
also a challenge. 

3.1.2. Morphology 
For a good bone repair scaffold, it also has certain morphological 

requirements, such as high porosity with a large surface area to volume 
ratio, sufficient pore size to promote cell seeding and diffusion in the 
entire structure, Special network shapes with similar natural matrix 
structure, etc. [149–151]. The MCSs fabricated by different methods 
exhibited distinct morphologies, which will affect the bone repair per
formance of scaffold. 

The nano-HA directly mixed with COL solution to prepare bio-ink 
and print the COL/HA scaffold. The calcium ions added into COL solu
tion to print scaffold and then added to the PBS with cross-linkage, so 
that HA mineralization and COL cross-linking occurred simultaneously. 
The MCSs fabricated by co-precipitation exhibited more uniformly 
dispersed nanoparticles and improved homogeneity. Compared with the 
control group, the biocompatibility and cell adhesion of co-precipitation 
MCSs is better [152]. 

Cunniffe et al. [153] fabricated the MCSs by two methods: direct 
addition of HA method (suspension method) and co-precipitation self-
assembly method (immersion method). In the suspension method, HA 
particles suspended in water added to COL slurry to mix fully, and next 
freeze-dried to obtain the MCSs (s- MCSs). The immersion method 
fabricated the MCSs (i- MCSs) by immersing COL scaffold in HA sus
pension and then freeze-drying. The porosity of MCSs fabricated by two 
methods both maintained above 98.9%, but there still existed differ
ences in morphology and performance. The mineral content and me
chanical properties of s-scaffold was improved compared to i-scaffold. At 
higher initial calcium and phosphate precursor concentrations, the 
mineral particles on i-scaffold produced an aggregation effect to obtain 
larger-sized particles. These larger particles could not penetrate the in
ternal structure of COL fibers during the immersion process. 

The morphology of MCSs will affect its performance. Different 
fabrication methods and materials are the reasons for distinct mor
phologies. At present, it seems that MCSs fabricated by in-situ precipi
tation strategy exhibit better like-bone structure than direct addition 
method. The MCSs with uniformly distributed mineral represented 

Fig. 10. Different types of stem cells promoted new bone formation. A and B: The human skeletal stem cells (hSSCs) isolated from adult human femur tissue (A) and 
induction of human monocyte-derived iPSCs (B) promoted osteogenic effect. I) Experimental strategy (right) and representative FACS plots (left) showing gating 
scheme for isolation of hSSCs from adult human femurhead tissue. II) Alcian blue stain (left) and Alizarin Red stain (right) showing cartilage and bone tissue in a 
cross-section of micro-mass generated by adult hSSCs after differentiation in vitro. Scale bar, 500 μm and 100 μm, respectively. III) IHC staining of cross-section of the 
ossicle and cartilage for nuclei with DAPI, and bone with anti-collagen II (COL2), and anti-osteocalcin (OSC) antibodies, respectively. Scale bar, 100 μm. C: Isolation 
of hSSCs from BMP2-treated human adipose stroma (B-HAS). I) Experimental strategy for human adipose stroma (HAS) induction with either BMP2 alone or with co- 
delivery of BMP2 and soluble VEGF receptor (sVEGFR). II) Image (left) and MP stain (right) of vascularized ossicle generated 4 weeks after subcutaneous trans
plantation of HAS treated with BMP2 in NSG mice. Scale bar, 2 mm and 200 μm, respectively. III) Bar chart showing quantification of percent contribution by the 
different skeletal fates to total graft mass for grafts derived from fetal hSSCs, adult hSSCs, skeletal-induced-iPSC, B-HAS, or BMP2 + sVEGFR-treated HAS after 
morphometric analysis. Figure from reference 154. D: The potential mechanism of RA-dependent iPSC osteogenesis. Retinoic acid (RA) bound to retinoic acid re
ceptor (RAR), which further activated the downstream pathway to enhance osteogenic gene expression. Figure from reference 155. E: The stem cell microspheroids 
(CS) and mineralized ECM/stem cell microspheroids (MECS) promoted bone regeneration in rat calvarial bone defects. I) Representative micro-CT images of CS and 
MECS post-transplantation in rat calvarial defects at 8 weeks. II) Bone volume analysis based on micro-CT data. III) Hematoxylin and eosin (HE) and Masson staining 
of the engineered bones. Green arrows represent the bone defect margin. Semi-quantification of new bone (Ⅳ) and osteoblasts/osteocytes (Ⅴ) based on histologic 
examination. Figure from reference 156. 
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better bone repair performance than MCSs with aggregated mineral. The 
mineral ions mineralized in COL fibers to form HIM structure, which is 
similar to the mineralization process of natural bone. 

3.2. Biological cues 

3.2.1. Cells as osteogenic promoters 
The combination of osteoblasts and MCSs obviously promoted new 

bone formation effect, but the choice of cells was still a problem that 
needs to consider. Osteoblasts, mesenchymal stem cells, embryonic stem 
cells and induced pluripotent stem cells were current choices. Stem cells 
were the most commonly used in field of bone repair and promoted the 
osteogenesis of MCSs, as shown in Fig. 10 [154–156]. These cells 
behaved their specific advantages and shortcomings, so it is necessary to 
select the most suitable cells for prompting the bone repair effect under 
different environments. 

Osteoblasts were seeded on nanofiber scaffold and monolithic-bulk 
scaffold and assayed its mineral deposition and osteogenic gene 
expression. The results showed that nanofiber scaffold exhibited higher 
osteogenic ability and biomineralization [157,158]. The primary cells as 
promoters of bone repair scaffold represented obvious effects on oste
ogenic performance, but there still existed certain problems with this 
approach [159]. First, the availability of primary cells was limited, and 
the inherent morbidity of the donor site was not low. Second, the pro
liferation of primary cells was limited and exhibited age-dependent 
behavior [160]. 

Bone marrow stromal cells, also known as mesenchymal stem cells, 
were often used in bone tissue engineering [161]. Compared with other 
stem cells, they were harvested relatively easily, and the proliferation 
rate was faster [162]. At the same time, studies showed that the 
mesenchymal stem cells seeded on nanofibrous scaffolds can easily 
differentiate to osteoblasts, so it was the most attractive source of cells 
for bone tissue engineering [163,164]. 

Embryonic stem cells were one of the most differentiated stem cell 
types and exhibited the differentiative ability to almost cell type [165]. 
It could also be attached on the nanofiber scaffolds and promoted new 
bone formation, so embryonic stem cells were also a potential option for 
loading cells on MCSs [166,167]. In addition to the major flaw of limited 
sources, its moral and political influences were also important factor 
restricting its application. 

Induced pluripotent stem cells and amniotic fluid-derived stem cells 
were also been proposed as alternatives to embryonic stem cells 
[168–171]. The two stem cells also exhibited osteogenic differentiation 
capabilities and played important role in the field of bone repair 
[172–174]. Whether it produce negatively effect on bone repair process 
require more experiments to prove. 

The osteoblasts and stem cells both play an important role in pro
moting bone repair [175]. Compared with stem cells, the proliferation 
and differentiation ability of osteoblasts seeded on scaffolds is insuffi
cient. The stem cells exhibited strong ability of proliferation and dif
ferentiation, but there is no consensus of their using conditions. It has 
great significance for the development of stem cells to establish unified 
standards and using requirements. 

3.2.2. Growth factors 
The growth factors mainly include three categories, transforming 

growth factors (TGF), fibroblast growth factors (FGF) and platelet- 
derived growth factors (PDGF), in addition to interleukins and other 
cytokines. The TGF-β produced by bone tissues effectively regulated cell 
proliferation, differentiation, matrix synthesis, and promoted the ability 
of chondroblastic and osteoblastic differentiation, which has consider
able application in bone repair. Bone morphogenetic proteins (BMPs), as 
a member of the TGF-β family, exhibited osteoinductive properties 
[176]. Two of the most frequently used growth factors were BMP-2 and 
BMP-7, which were available on the market [177]. The recombinant 
human bone morphogenetic protein 2 (rhBMP-2) represents short 

retention time and cannot induce bone regeneration after protein fail
ure, so it needs to be sealed in other materials to prolong its release time 
[178]. 

The suspensions of chitosan microspheres (CM) were fabricated with 
rhBMP-2 and then seeded on COL-coated HA scaffold. The HA/COL/CM 
scaffold obtained by freeze-dried and stored at − 20 ◦C. The release of 
rhBMP-2 in vitro last for more than 21 days and maintained the 
osteoinductive ability [179]. The HA/COL/CM scaffold achieved local
ized long-term controlled release of rhBMP-2 and effective bone 
regeneration ability simultaneously, which provides another research 
direction for the treatment of bone defects. 

The Col-HA/TCP complex filled into distal femoral defect of New 
Zealand white rabbits and added amount of rhTGF-β1 [180]. When the 
rhTGF-β1 was not added to bone defect, only small amount of speckled 
new bone was formed within 15 weeks, and the defect existed fibrous 
tissue and inflammatory cells. However, when the defect site contained 
rhTGF-β1, new bone formation was active and obvious mature bone 
marrow tissue was observed. 

The platelet-rich plasma (PRP) was the concentration of autologous 
plasma platelets and been used in clinical trials. PRP contained various 
growth factors and cytokines, such as PDGF, TGF-β, FGF and insulin-like 
growth factor (IGF) [181]. The rhBMP-2 was directly added to 
COL/PCL-based biphasic calcium phosphate (BCP) scaffold and 
freeze-dried to obtain COL/PCL-BCP-rhBMP-2 scaffold, as shown in 
Fig. 11 [182]. In order to fabricate scaffold containing PRP, the 
COL/PCL-BCP scaffold soaked in PRP solution at 37 ◦C for 2 h and then 
freeze-dried. The growth factor added in scaffold exhibited continuously 
released. The biomineralization scaffold with PRP has higher cell ac
tivity and mineral deposition than other scaffolds, which has prompted 
effect on bone repair. 

In addition to TGF, the other two growth factors FGF and PDGF were 
also prominent in osteogenesis. The composite filler of COL/β-TCP 
loaded recombinant human fibroblast growth factor 2 (rhFGF-2) 
significantly promoted bone regeneration at the defect site [183]. The 
injectable COL powder combined with basic fibroblast growth factor 
(bFGF) also promoted the repair of bone fractures, and the required 
protein concentration was low [184]. The COL/β-TCP complex loaded 
with recombinant human platelet-derived growth factor-BB 
(rhPDGF-BB) demonstrated excellent biocompatibility, and hPDGF-BB 
caused bone remodeling and enhanced soft tissue response [185]. The 
rhPDGF-BB was also added to the injectable collagen/β-TCP matrix, and 
then used in the senile osteoporosis model of rat. The experimental 
group containing rhPDGF-BB exhibited a significant enhancement effect 
on osteogenesis compared with the control group without rhPDGF-BB, 
and the torsional strength of new bone was equivalent to the contra
lateral unoperated tibia [186]. 

The growth factors regulated fracture repair through paracrine or 
autocrine pathways and exerted a wide range of activities [187]. The 
tissue engineering scaffold adding growth factors and verifying its role 
in specific stages of bone healing, which provided direct evidence that 
growth factors regulate bone repair. It has great significance to combine 
multiple growth factors in bone repair field [188]. However, limited by 
intellectual property rights and regulatory approaches, there are few 
researches on the application of combined growth factors in preclinical 
or clinical trials, which is also an urgent problem to be solved. 

3.3. Chemical cues 

3.3.1. Composition differences 
According to the composition of natural bone, MCSs as matrix ma

terial exhibited a significant effect in promoting bone repair. However, 
there were still other components in natural bone and the specific role of 
these components has not been fully understood. Therefore, different or 
modified materials were added in MCSs to further explore the influence 
of different components on bone repair performance. 

Based on the previous research, Kim et al. [189] further explored the 
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effect of altered mineral content on the bone repair performance of 
MCSs. Different amounts of calcium and phosphate ions were added to 
the COL solution respectively and then mixed the COL solution con
taining two different mineral ions. The precipitate was collected and 
freeze-dried to obtain the mineralized COL fiber matrix. The mineralized 
COL fibrous matrices with different mineral content were dissolved in 
organic solvents and electrospun to fabricate MCSs. When HA content 
was 20%, the MCS represented good fiber morphology and mechanical 
property. However, when mineral content increased to 30%, the fiber 
morphology was destroyed, and the mechanical property was also 
affected. At the same time, MC3T3-E1 osteoblasts effectively adhered 
and actively grew on the MCSs. 

The β-TCP was added to COL solution to fabricate the MCSs, which 
filled the rabbit distal femoral defect as bone void filler and blank filled 
defect was used as the control group. The addition of β-TCP exhibited 
positive effect on the mechanical and biological characteristics of scaf
fold. The high doses of β-TCP nanoparticles caused large amount release 
of Ca2+ ions in vitro and better neovascularization in vivo [190]. When 
the mineral content was excessive, it caused excessive Ca2+ deposition in 

bone formation area, which inhibited cell proliferation and restricted 
the new bone formation. 

Since the mineral crystals in natural bone were not a single compo
nent, there are some substituents (such as magnesium, carbonate and 
citrate, etc.). In order to explore the role of different elements in bone 
formation process, some scholars fabricated modified HA and then 
combined with COL to form the modified MCSs [191]. Giavaresi [192], 
Tasciotti [193] and Gulino [194] mixed the magnesium-doped HA 
(Mg/HA) crystals and COL solution to fabricate MCSs, while He [195] 
used zinc-doped mesoporous HA microspheres to modify the COL scaf
fold. Liao et al. [196] fabricated the carbonated nano-HA/COL com
posite scaffold and found that the crystal morphology changed from 
plate-like to needle-like and then into spherical particles with 
increasing carbonate concentration. 

In the MCSs, different compositions and mineral contents affected 
the scaffold performance of bone repair. The interaction of morphology 
and performance made it difficult to fabricate MCSs that fully composes 
the natural bone structure. How to balance the function of scaffold 
morphology and performance was also a major problem in the bone 

Fig. 11. Morphology and bone repair performance of different groups mineralized scaffold. COL/PCL scaffold embedded with HA/TCP (group-I), HA/TCP/rhBMP-2 
(group-II), and HA/TCP/PRP (group-III). Live/dead, DAPI/phalloidin, and SEM images of (a) group-I, (b) group-II, and (c) group-III cultured for 7 days. (d) Number 
of cells and (e) aspect ratio in the live/dead images. (f) Cell proliferation, as determined by the MTT assay. The asterisks indicate significant differences and “NS” 
denotes non-significance. Groups II and III promoted the development of cytoskeleton and cell relaxation behavior and induced highly active osteogenic activity. 
Figure from reference 182. 
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repair field. 

3.3.2. Crosslinking 
The triple helix structure of COL exhibited high stability and high 

degree of self-assembly characteristics. The degree of cross-linking of 
COL played an important role in stabilizing COL conformation and 
promoting osteogenesis [197]. There is a major significance to research 
the role of cross-linking in COL mineralization and reveal effects on the 
HA deposition [198]. The methods for improving the degree of COL 
cross-linking were mainly divided into cross-linkage and radiation. The 
effects of these two cross-linking methods on the MCSs were presented 
below. 

In order to control the mechanical properties and biodegradability of 
MCSs, glutaraldehyde (GA) as cross-linkage added into the scaffold 
system. The cross-linkage added to HA/COL suspension and then filtered 
the precipitate. The cross-linked MCSs obtained by dehydrated and 
compacted the precipitate. The mechanical properties of scaffold 
improved with increase of cross-linkage content, but the presence of 
cross-linkage affected the growth of mineral crystal itself [199]. Animal 
experiments showed that the scaffold was not toxic, osteoclasts were 
well absorbed and exhibited good bone conductivity. It indicated that 
glutaraldehyde as cross-linkage effectively improve the MCSs perfor
mance without reducing the biocompatibility of the scaffold, as shown 
in Fig. 12. 

The gamma-ray irradiation possessed the cross-linking effect on COL, 
which made the pore structure of COL denser without introducing 
extraneous matter mineralization. The COL irradiated with different 
doses of gamma-rays and mixed with the mineralized solution with 
calcium and phosphate ions. The cross-linked MCSs were obtained by 
freeze-dried precipitate from composite solution. The gamma-ray irra
diation not destroyed the COL triple helix structure and made HA attach 

more on the COL fibers, which improved the mineralization ability of 
scaffold, as shown in Fig. 12 [200]. 

The COL cross-linking increased its conformational stability, made 
the fiber network structure more stable and compact and provided more 
space for mineral deposition. This cross-linked MCSs provided a po
tential way to fabricate bone repair materials and the new method for 
exploring the role of cross-linking in mineralization. The cross-linked 
MCSs acted in vivo and in vitro revealed the effect of cross-linking on 
HA deposition. 

The FSS can simulate the mechanical environment in mineralization 
process of COL, so it is mostly used for in-situ mineralization methods to 
fabricate MCSs. The morphology of MCSs mainly depends on the 
fabrication method, and the appropriate MCSs are fabricated by 
different methods according to different needs. For example, the nano
fiber MCSs fabricated by electrospinning method, the MCSs with regular 
fiber arrangement fabricated by 3D printing method, and the MCSs 
containing spherical particles fabricated by vesicle deposition method in 
situ mineralization. The cells and growth factors promote osteogenesis 
of MCSs, but the activity of cells and growth factors should be taken up 
in connection with the fabrication process. At present, the addition of 
cells and growth factors during the fabrication of MCSs is only possible 
by 3D printing method. Cross-linking is mainly used in the post- 
processing of MCSs to improve the mechanical properties and mineral
ization ability. The different fabrication methods and critical factors in 
osteogenesis of MCSs can be combined to obtain the best effect. 

4. Summary and outlook 

In this review, traditional fabrication methods of MCSs were intro
duced in two ways: direct mineral addition and in-situ mineralization. 
The minerals and COL in MCSs fabricated by direct mineral addition 

Fig. 12. The morphology of mineralized collagen fabricated by chemical cross-linking (I) and radiation cross-linking (II) methods. I) morphology and bone repair 
effect of chemical cross-linked mineralized collagen. TEM image of the HA/Col composite cross-linked with GA (A and B). C–F: Bone tissue reactions of the HA/Col 
composites with serial cross-linkage concentration. C: Non cross-linked (control), D: 0.0191 mmol/gcol, E: 0.191 mmol/gcol, F: 0.675 mmol/gcol and asterisk (*) 
indicates the HA/Col composite. Neither toxic nor inflammatory reaction was observed. Degradation/resorption with newly bone formation was reduced with 
increasing GA concentration; however, all composites indicated good bone bonding and osteoconductive properties. Figure from reference 199. II) Morphology of 
different groups MCSs. A: non-mineralized COL without gamma-ray irradiation. B–F: the mineralized crosslinked COL under gamma-ray irradiation of 0, 2, 4, 6 and 8 
KGy dose for 24 h. The fiber surface roughness of MCSs increased, and the interconnected COL microfibers (arrows) decreased significantly compared to the non- 
MCSs. Figure from reference 200. 
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were physically compounded. The mineral ions in MCSs fabricated by 
in-situ mineralization were assembled and crystallized on COL fibers. 
This is the most significant difference between the two methods. In 
different reports, the MCSs fabricated by two methods exhibited distinct 
effects on mechanical and biological properties of bone repair. In 
accordance with the bionics perspective only, scaffolds fabricated by in- 
situ mineralization were more structurally similar to natural bones than 
direct mineral addition. 

Moreover, 3D printing as an emerging method for fabrication of 
MCSs was highlighted. Compared with traditional methods, the most 
advantage of 3D printing is that can control the fiber arrangement. By 
controlling microscopic arrangement of scaffold, it possessed the wider 
applications field. 3D printing as one solution to construct organoids in 
vitro, which solves the problem of how to realize its multi-function. The 
combination of 3D printing scaffolds with cells and growth factors ap
pears to be a good choice. However, this also put forward higher re
quirements for the printing inks. In addition to printability such as 
viscosity, the suitable inks that are conducive to cell growth were also 
necessary [201]. 3D printing to fabricate multi-functional tissues and 
organs was the future development direction of regenerative medicine. 
The MCSs fabricated by 3D printing were treated as an alternative to 
bone defect or even whole bone. The growth of minerals in COL fibers 
was a slow process and demanded long time to in-situ mineralization, 
which is an inevitable problem. The in-situ mineralization in printing 
COL scaffolds has not been reported yet, and this type bioprinting ink 
needs further study. 

Different fabrication strategies combine COL and minerals to prepare 
MCSs that are similar to bone tissue in structure, but different MCSs 
exhibits distinct effects on performance of bone repair. In addition to 
physical and chemical properties of the MCSs, biological factors such as 
added cells or growth factors also play an important role. In this paper, 
we discussed the physical, biological and chemical aspects of MCSs on 
bone repair performance. The FSS played an important role in orderly 
COL fiber arrangement and crystal transformation. The morphology of 
scaffold, such as porosity and fiber diameter, exhibited profound sig
nificance for the deposition and proliferation of osteoblasts. Cells and 
growth factors provided suitable microenvironment for scaffold, which 
is conducive to the further improvement of osteogenic effect. However, 
it was not yet conclusive to choose the appropriate cell and growth 
factor. The COL cross-linking and modified minerals to fabricate scaf
folds also have effect on bone repair. The synergy of fabrication method 
and critical factors in osteogenesis of MCSs makes them exert the better 
performance of bone repair. 

The source of minerals and the control mode of whole mineralization 
process is also worthy of our concern. Most of the traditional mineral 
sources are ions or HA crystal. Scholars have proposed to use black 
phosphorus (BP) as the mineral source to fabricate mineralized scaffold 
[202]. BP has excellent optical properties, good biocompatibility and 
biodegradability, so it has captured extensive attention in biomedical 
applications, such as optical therapy, drug/gene transfer, biological 
imaging and sensing [203–206]. BP can degrade to produce phosphate 
in aqueous solution, which can be invoked as a source of phosphate ions. 
The near infrared (NIR) light promoted the degradation of BP, enhanced 
the chemical activity of mineral ions and promoted in-situ biomineral
ization [207,208]. The biomineralization process can be controlled by 
adjusting the light time and specific location. The BP composite 
hydrogel scaffolds exhibited a high potential in the mechanical prop
erties and osteoinductive ability in tissue engineering [209]. The se
lection of mineral source and control of mineralization process also 
plays an important role in the fabrication of MCSs. 

By analyzing these factors, we found that what these researchers 
want to solve is precisely the difference between MCSs and natural bone. 
Some challenges still exist when MCSs are used in bone repair and not 
yet been solved. It can be summarized as the following questions:  

1. The research showed that when calcium ion concentration arrives at 
a certain threshold, it stimulated behavior of osteoblasts [210]. What 
kind of mineral content of scaffold is the most optimal option in 
osteogenesis? When the content is too high or low, does it have 
negative effect on bone repair?  

2. Does bone matrix units have the minimum or maximum size? If this 
critical size exists, can it be used as reference standard for MCSs?  

3. The anisotropic characteristics and morphological differences of 
bone in different parts are not completely understood. How to 
fabricate the MCSs with different mechanical properties according to 
natural bone?  

4. The bottom-up assembly form of natural bone exhibited excellent 
mechanical properties. In process of fabricating MCSs, whether two 
components (CA and HA) can assemble quickly and efficiently as the 
same way of natural bone?  

5. The natural bone contained a variety of minerals, although apatite 
crystals were absolutely dominant. What roles do the other mineral 
crystals play in the formation of new bones? Whether the various 
mineral crystals interact during bone formation process?  

6. In addition to the traditional ions and apatite crystals, how to choose 
more extensive mineral sources? How to realize remote control of 
fixed-point mineralization in vitro through light, heat, electricity and 
other signals? 

If we have a more in-depth understanding of these issues, we may be 
able to make further research on how to balance the performance and 
morphology of MCSs. In order to obtain an ideal effect of bone repair, 
the MCSs fabricates with excellent morphology and performance and 
provides the microenvironment similar to natural bone matrix. This 
multi-functional scaffold plays an important role in the field of bone 
repair and diseases, which also affected in the micro level, such as 
osteoporosis, osteoarthritis and other degenerative diseases. 
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