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Abstract 

Currently, bone tissue engineering is a research hotspot in the treatment of orthopedic 
diseases, and many problems in orthopedics can be solved through bone tissue engi-
neering, which can be used to treat fractures, bone defects, arthritis, etc. More impor-
tantly, it can provide an alternative to traditional bone grafting and solve the problems 
of insufficient autologous bone grafting, poor histocompatibility of grafts, and insuf-
ficient induced bone regeneration. Growth factors are key factors in bone tissue 
engineering by promoting osteoblast proliferation and differentiation, which in turn 
increases the efficiency of osteogenesis and bone regeneration. 3D printing technol-
ogy can provide carriers with better pore structure for growth factors to improve 
the stability of growth factors and precisely control their release. Studies have shown 
that 3D-printed scaffolds containing growth factors provide a better choice for person-
alized treatment, bone defect repair, and bone regeneration in orthopedics, which are 
important for the treatment of orthopedic diseases and have potential research value 
in orthopedic applications. This paper aims to summarize the research progress of 3D 
printed scaffolds containing growth factors in orthopedics in recent years and sum-
marize the use of different growth factors in 3D scaffolds, including bone morphoge-
netic proteins, platelet-derived growth factors, transforming growth factors, vascular 
endothelial growth factors, etc. Optimization of material selection and the way of com-
bining growth factors with scaffolds are also discussed.
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Introduction
Growth factors are water-soluble polypeptides, has a positive effect on the prolifera-
tion and differentiation of many cells [1]. For bone tissue, the proliferation and differ-
entiation of osteoblasts also require stimulation of growth factors [2]. The instability of 
growth factors and the challenges of their effective delivery have limited the application 
of growth factors in orthopedic clinics [3]. However, Liu et al. [4] found that the loading 
of growth factors with microspheres not only ensured the stability of growth factors but 
also allowed for their slow release to specific sites. However, growth factor-containing 
microspheres can only promote bone regeneration but not early bone repair, so Liu et al. 
[5] loaded growth factor-containing microspheres into 3D-printed scaffolds to personal-
ize scaffolds that promote bone repair and bone regeneration. 3D printing technology is 
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to upload data to computer software, and then the computer controls the 3D printer to 
superimpose the material layer by layer, and finally make a specific form of three-dimen-
sional products [6]. 3D printing can precisely incorporate growth factors into individu-
ally customizable scaffolding structures and achieve controlled release. This method 
not only improves the stability of growth factors and avoids their explosive release, but 
also promotes the regeneration of bone tissue at the site of bone defects or fractures [5, 
7]. Studies have shown that 3D printing is used in surgery, and orthopedic applications 
account for 45.18% of the total. 3D printing technology has a wide range of development 
prospects in orthopedics [8].

The treatment of bone tissue defects and fractures has always been one of the impor-
tant problems in orthopedics [9]. Traditional treatments have some limitations and 
problems (The side effects of autologous bone grafting are: increased trauma to the 
patient, which may lead to infection and bleeding in the donor area. The side effects 
of allogeneic bone grafting are: immune rejection, spreading of disease, and poor bone 
healing.), autologous and allogeneic bone grafts often suffer from a lack of donors, while 
personalized 3D printing can provide more suitable and sufficient stents according to 
the patient’s defective site [10, 11]. By continuously improving the 3D printing process 
and selecting more ergonomic and biocompatible materials, 3D printed scaffolds con-
taining growth factors will make a great difference in orthopedics.

3D printed scaffolds containing growth factors
3D printing technology

3D printing technology was first reported in the late 1970s [12]. So far, 3D printing 
technology can be divided into non-biological 3D printing technology and biological 
3D printing technology [13]. Biological 3D printing technologies mainly include inkjet 
printing, laser-assisted printing and extrusion printing, while non-biological 3D printing 
technologies mainly include stereolithography (SLA), fused deposition modeling (FDM), 
selective laser sintering (SLS), selective laser or electron beam melting (SLM or EBM), 
laminated object manufacturing (LOM), etc. [13–15].

Non‑biological 3D printing technology

Stereolithography (SLA) is the use of a computer for data input and instruction output, 
through a computer-controlled laser beam or digital light projector in a liquid resin 
operating box for curing printing [16]. By irradiating the pattern in the liquid resin with 
a laser, a curing resin of the corresponding pattern is formed. The first layer is printed 
by laser, then the platform is lowered, and then the resin is coated on the first layer to 
continue laser irradiation curing, and the 3D shape is solidified from bottom to top [16]. 
SLA has high printing accuracy and can print more complex shapes. However, SLA lim-
its its development in the biological field due to the lack of biocompatible resin materi-
als, high cost, and slow speed [13, 16].

The most common type of 3D printing technology is fused deposition modeling 
(FDM), which mainly melts thermoplastic materials into semi-fluids, then prints them 
into a layer of 2D form through nozzles, and finally superimposes them layer by layer to 
form a 3D structure [17, 18]. The semi-fluid material solidifies naturally at room tem-
perature. FDM has low cost, simple operation, fast printing speed, etc., and can also be 
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mixed printing by dual nozzles, and the porosity can be adjusted by printing speed, wire 
walking sequence, etc. [13, 19]. However, FDM requires a high temperature and is not 
suitable for printing materials with biological activities such as cells and growth factors 
[13]. Therefore, FDM bioprinting is still a big challenge.

Selective laser sintering (SLS) is the process of sintering adjacent powder particles 
together by irradiating a specific pattern on a powdered material with a laser beam, and 
then superimposing them layer by layer to form a 3D form [20]. Selective Laser Melt-
ing (SLM) operates in the same way as SLS, except that SLS allows adjacent particles to 
reach glass transition temperature and sinter them together, while SLM melts and fuses 
the particles together [21]. Electron beam melting (EBM) is very similar to SLM, with 
the only difference being that SLM uses a laser while EBM uses an electron beam [21]. 
They all have the advantage of high mechanical strength, but the complex dispersion of 
molecules limits the choice of materials, and the high temperature is not suitable for bio-
logically active substances [13, 20, 21].

Laminated object manufacturing (LOM) is less commonly reported in the literature, in 
which materials are pasted together layer by layer and then cut out by laser to create the 
corresponding form [22]. The main materials are paper, wood boards, etc. It is easy to 
print and inexpensive, but the material limitations make it difficult to use in biomedicine 
[23].

Biological 3D printing technology

Inkjet printing is the first 3D printing technology to be used for bioprinting [24]. Inkjet 
printing was widely used in 2D printing before entering the era of 3D printing, and it 
is commonly used for font printing on paper [13]. There are two forms of inkjet print-
ing, as shown in Fig. 1a and b. Inkjet printing is a non-contact jet of digital information 
delivered by a computer, forming a specific pattern on the base plate, and then layering it 
layer by layer from bottom to top until the desired object is printed. The nozzle for inkjet 
bioprinting can be as small as 50 μm, so single-cell printing can be achieved [25]. Mate-
rials used for inkjet printing are hydrogels (alginate, polyethylene glycol, chitosan, col-
lagen, silk), powders (tricalcium phosphate, polyvinyl silicate, polylactic acid, peptides), 
polymers, small molecule substances (cells, growth factors) [25, 26]. Inkjet printing is 
suitable for printing biologically active scaffolds, but it is also a concern that some cells 
die due to extrusion during printing [26].

Laser-assisted bioprinting (LAB) consists of a pulsed laser, a substrate on which the 
material is placed, and a substrate that collects the printed material [27]. The laser acts 
on the substrate where the material is placed, creating a high-pressure bubble that 
pushes the material onto the receiving substrate to form a three-dimensional structure 
[13], as shown in Fig.  1c. LAB printing does not require a printhead, so the pressure 
on the cells is reduced by mechanical stress. Laser-assisted printing has high resolution 
and high cell deposition density, but it has high requirements for cross-linking and high 
price, and the effect of laser on cells is still unclear [13, 28].

Extrusion printing is done through pneumatic or mechanical extrusion, so that the 
printed material is extruded through the nozzle, and the three-dimensional struc-
ture is printed layer by layer. There are three types of extrusion prints, as shown in 
Fig. 1d, c, and f. Extrusion printing is similar to inkjet printing, where inkjet printing 
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produces discontinuous ink droplets, while extrusion printing produces continuous 
materials [13]. Although the accuracy of extrusion printing is not as high as inkjet 
printing, it can print a wider range of materials, and it can print a wider range of 
material viscosity, while inkjet printing cannot print materials with high viscosity 
[28]. Murphy et al. [29] have shown that the mechanical stress of extrusion printing 
can affect cells. However, Koons et al. [30] showed that embedding growth factors in 
polymer microparticles protects growth factors.

Growth factors

In recent years, there has been increasing interest in loading growth factors and cells 
in scaffolds to improve the regeneration and repair of bone defects [31]. At present, 
the growth factors used for scaffolds mainly include bone morphogenetic proteins 
(BMPs), fibroblast growth factors (FGFs), platelet-derived growth factor (PDGF), 
vascular endothelial growth factor (VEGF), and transforming growth factor-β (TGF-
β). In addition, there are insulin-like growth factor (IGF), stromal cell-derived factor 
(SDF-1), etc.

Fig. 1 Schematic diagram of three bio-3D printing technologies: a heated inkjet printing, b piezoelectric 
inkjet printing, c LAB, d pneumatic extrusion printing, e piston extrusion printing, f Spiral extrusion printing
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BMPs

The BMPs family of proteins was first discovered in 1965 by Dr. Marshall Urist et al. and 
demonstrated to have the effect of inducing bone growth [32]. BMPs are a member of 
the TGF-β family, and the subtypes used for bone regeneration are mainly BMP-2, -4, -6, 
-7 and -9 [33]. These growth factors are analyzed below.

BMP-2 is the most widely studied bone morphogenetic protein family and plays an 
important role in osteogenesis, osteoinduction, and bone repair. BMP-2 plays a role 
mainly through the Smad1/5/8 signaling pathway, enhancing the expression of alkaline 
phosphatase and osteocalcin, thereby promoting the proliferation and differentiation of 
bone marrow mesenchymal stem cells (MSCs) and osteoblasts, and achieving osteogen-
esis [34]. Draenert et al. [35] investigated the release and osteogenesis of BMP-2 by phys-
ical transient adsorption of BMP-2. However, this method cannot avoid the influence 
of materials and environment on the survival rate of growth factors, nor can it control 
the release rate well, and there may be the possibility of explosive release. Studies have 
shown that too little BMP-2 can induce bone regeneration, and too much can lead to 
a variety of side effects, such as ectopic osteogenesis, inappropriate inflammation, and 
cancer induction [31]. Kim et al. [36] further confirmed the osteogenic effect of BMP-2 
by loading BMP-2 with composite hydrogel compared with the control group, and at the 
same time achieved sustained release and reduced environmental effects on growth fac-
tor activity. However, the mechanical properties of hydrogels are not ideal and are often 
not suitable for the treatment of weight-bearing bones. Seok et  al. [37] encapsulated 
BMP-2 in polymer particles, which were then combined with alginate to form a bioink, 
which was printed by 3D extrusion to form a bone scaffold. Growth factor survival, 
sustained release, and mechanical properties of the stent are addressed, and personal-
ized treatment can be provided. Wei et al. [38] loaded two growth factors in the scaffold 
and found that SDF-1 had a synergistic effect on BMP-2. At the same time, studies have 
shown that PDGF, VEGF, etc. also have a synergistic effect on BMP-2 [39]. According to 
the latest research, Song et al. [40] have developed a multifunctional microsphere system 
that can respond to ultrasound and the environment, so as to release and reverse the 
microenvironment of bone damage on demand, which provides a new idea for the slow 
release of growth factors and bone regeneration and repair.

BMP-4 has a strong correlation with cartilage growth and development and can be 
used to treat cartilage defects [41]. BMP-4 stimulates the production of cartilage matrix 
components, including type II collagen and aggrecans, and promotes the differentiation 
of bone marrow mesenchymal stem cells (MSCs) into chondrocytes [41, 42]. Similar to 
the BMP-2, the BMP-4 has a short half-life and is susceptible to environmental influ-
ences. Sarsenova et  al. [42] treated rabbit cartilage defects by hydrogel-loading with 
BMP-4 and TGF-β, confirming that BMP-4 can indeed enhance cartilage regeneration 
and repair. Sun et  al. [43] fabricated 3D bio-printed scaffolds containing MSCs, mac-
rophages, and BMP-4-loaded mesoporous silica nanoparticles (MSNs). The treatment 
of bone defects in rabbits with diabetes has confirmed that it is an effective treatment to 
improve diabetic bone damage.

BMP-6 also can promote osteogenesis, and studies suggest that BMP-6 may pro-
mote osteogenesis by enhancing IGF-1 and epidermal growth factor (EGF) expression 
[44]. The combination of IGF-1 and BMP-6 has a greater ability to regenerate bone 
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than BMP-6 alone. Toprak et al. [45] developed an electrospun scaffold embedded with 
BMP-6 embedded in a metal–organic framework, which has a better protective effect on 
growth factors and is also applicable to various growth factors, and confirmed the osteo-
genic role of BMP-6 and its potential for bone tissue engineering.

BMP-7 has been widely demonstrated to have osteogenic induction capabilities. How-
ever, Tsuji et al. [46] found that the lack of BMP-7 growth factor did not affect the nor-
mal growth and development of bone by knocking out the BMP-7 gene in mice. This 
shows that BMP-7 is not required for normal bone growth and development, but it also 
can promote bone growth. BMP-7 is necessary for the growth and development of soft 
tissues such as kidneys and skin [47]. The healing status of goat dental implants by Hun-
ziker et al. [48] with different concentrations of BMP-7 showed that the slow release of 
BMP-7 at physiological doses can cope with severe bone deficiency and promote new 
bone formation. BMP-7 is the second BMP family member to be approved by the U.S. 
FDA for clinical bone induction therapy after BMP-2. BMP-7 is the second BMP family 
member to be approved by the U.S. FDA for clinical bone induction therapy after BMP-2 
[49].

BMP-9 has strong osteoinduction capabilities both in  vitro and in  vivo [50]. BMP-9 
has only emerged in recent years, so its specific role in the skeletal system is unclear, but 
it has been found to differ from other known BMP family members in the mechanism by 
which bone is induced [50]. Park et al. [51] studied BMP-9 by inhibiting the p53 osteo-
homeostatic pathway, PI3K/Akt/MDM2 pathway, and increasing p53 activity, thereby 
promoting osteoblast fraction. BMP-9 is an effective inducer in the adjuvant treatment 
of bone defects, according to the latest studies show that it has the strongest osteogenic 
effect in the BMP family, but its actual efficacy and safety need to be further studied, and 
with the continuous deepening of research, it may play an important role in bone tissue 
engineering in the future.

FGFs

FGFs are peptides that are involved in a variety of reactions. Studies have shown that 
FGF-2, FGF-8, FGF-9, and FGF-18 have osteogenic induction effects [52, 53]. Stamnitz 
et  al. loaded FGF-2 and BMP-2 into a hydroxyapatite hybrid scaffold and found that 
FGF-2 could enhance the proliferation and differentiation of bone marrow mesenchymal 
stem cells, and the combination of FGF-2 and BMP-2 would enhance this effect [54]. The 
osteogenic effects of these other growth factors have also been demonstrated, but there 
are few studies on their loading onto scaffolds for the treatment of bone injury. In recent 
years, there have been many studies on FGF-21 and FGF-23, but their mechanisms need 
to be further clarified.

PDGF

PDGF is also one of the growth factors approved by the US FDA for clinical use. It is 
composed of homodimers (AA, AB, BB, CC, and DD), and PDGF-BB is the most active 
in bone and is key to promoting osteogenesis, which not only promotes angiogenesis 
but also aids in osteogenesis [55, 56]. The formation of blood vessels is also essential 
in the process of bone regeneration, so PDGF has a dual role as an adjuvant therapy. 
PDGF-BB can stimulate the release of VEGF, thereby promoting neovascularization, 
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transforming pericytes into MSCs, promoting the proliferation and differentiation of 
pericytes and free MSCs, and regulating MSCs, VEGF, pericytes, and endothelial cells 
[57, 58]. Lee et al. [59] established a dual growth factor sustained-release system by load-
ing PDGF and BMP-2 with microspheres, and the results showed that bone regeneration 
was promoted. Novak et al. [60] showed that PDGF-BB inhibited BMP-2 osteogenesis 
by inhibiting the Smad pathway. Therefore, when choosing a growth factor for conjuga-
tion, attention should be paid to the special relationship between the two. Mohan et al. 
[61] loaded PDGF-BB into polylactic acid-glycolic acid copolymer microspheres for 3D 
scaffold printing, thereby achieving sustained release of PDGF-BB and inducing bone 
regeneration. Daniels et al. [62] compared the efficacy of PDGF with autografts through 
prospective randomized controlled studies and confirmed that PDGF is superior to 
autografts in ankle fusion and can be replaced. However, the need to select the appropri-
ate base material when loading PDGF also determines the effect of treatment.

VEGF

Bone and blood vessels are inseparable, and in bone formation, blood vessels develop 
before bone, and only when blood vessels can provide enough nutrients for bone can 
bone be successfully formed [63]. VEGF plays an important role in the development of 
blood vessels, as well as in the formation of bone. VEGF is composed of homodimers 
(VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-E, and placental growth factor) [63]. 
Fitzpatrick et al. [64] fabricated a sustained-release scaffold containing VEGF and a vari-
ety of growth factors through 3D printing, confirming the osteogenic effect of VEGF 
and its synergistic effect with other growth factors. However, VEGF has been shown to 
be associated with tumor angiogenesis due to its excellent pro-angiogenic ability, and 
too high a VEGF amount is at risk of promoting cancer formation [65]. Although VEGF 
has a unique effect on osteogenesis, it cannot be the mainstream of osteogenesis induc-
tion due to the limitation of its use concentration, and further research is still needed to 
make reasonable use of its properties.

Other growth factors

In addition to the above factors, there are many factors that also have their own role in 
bone regeneration, but the use and research in 3D printed bone scaffolds are not clear, 
so they are only briefly explained. IFactor (P-15) is a factor approved by the US FDA for 
clinical use. Hasan et al. [66] used it for post-spine treatment and found that bone heal-
ing was significantly accelerated. Since iFactor has recently been marketed, its research 
has mostly been used to treat radiculopathy, and it has been confirmed that it has the 
same effect as autologous bone grafting [67]. IGF-1 has the effect of promoting cell pro-
liferation, inhibiting apoptosis, and promoting musculoskeletal proliferation, and studies 
have shown that it also has a repair effect on cartilage. Wei et al. [68] used 3D printed 
scaffolds to load IGF-1 for sustained-release treatment of cartilage, proving that IGF-1 
has a good ability to form cartilage. SDF-1, also known as C-X-C chemokine ligand12, 
has been shown to mobilize and recruit bone marrow mesenchymal stem cells by acti-
vating the SDF-1/CXCR4 signaling pathway, leading to osteogenesis at the site of injury 
[69]. The growth factors and their mechanisms that have been extensively studied in 3D 
printed scaffolds are shown in Table 1. 
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Material properties
As one of the indispensable components of bone tissue engineering, bone scaffold needs 
to have good biocompatibility, strong mechanical properties, good biological activity, 
and degradability. Different materials have their own different properties (Table 2), the 
following is an explanation of the characteristics and selection of materials.

Metals

Non‑biodegradable metals

So far, the non-biodegradable metals used for 3D printing scaffolds mainly include 
titanium alloys, tantalum stents, stainless steel, and tungsten alloys. They all have 

Table 1 Growth factors associated with bone regeneration

Growth factors Subtype Function

BMP BMP-2
BMP-4
BMP-6
BMP-7
BMP-9

Enhances the expression of alkaline phosphatase and osteocalcin, thereby promot-
ing osteogenesis
By promoting chondrocyte differentiation, it promotes cartilage growth and 
development
Promotes osteogenesis by enhancing IGF-1 and EGF expression
Induce intrachondral ossification to promote osteogenesis and enhance the 
expression of related proteins
By inhibiting P53 activity, it promotes osteogenesis

FGFs Induces intrachondral ossification to promote osteogenesis

PDGF PDGF-BB Promote osteoblast proliferation and differentiation
Promotes angiogenesis
Suppression BMP-2 adult bone

VEGF Promote osteoblast proliferation and differentiation, and promote neovasculariza-
tion

IGF-1 Promote cell proliferation, inhibit apoptosis, and promote musculoskeletal prolif-
eration

SDF-1 Bone marrow mesenchymal stem cells are mobilized and recruited by activating 
the SDF-1/CXCR4 signaling pathway to promote osteogenesis

Table 2 Common 3D printing materials and their advantages and disadvantages

Category Name Advantages Disadvantages

Metals Ti
Mg

Good mechanical properties, cor-
rosion resistance, good biocom-
patibility
Degradable, magnesium ions 
promote osteogenesis

Non-degradable, poor elasticity
Poor mechanical properties and fast 
degradation rate

Polymers Gelatin
PLA

Good biocompatibility and good 
degradability
It has good plasticity and can be 
degraded

The mechanical properties are very 
poor
The degradation products are harm-
ful and have poor biocompatibility

Bioactive ceramics Bioactive glass
HA

It has good biological activity 
and histocompatibility and can 
promote bone regeneration
It has good biocompatibility and 
has a certain ability to promote 
bone regeneration

The mechanical properties are insuf-
ficient, the brittleness is large, and 
the plasticity is not high
Pure HA has poor degradability and 
is not suitable as a single printing 
material

Composite materials The structure is closer to bone 
tissue and can be adjusted as 
needed

The proportions of each component 
are difficult to determine
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good histocompatibility and mechanical properties and are often used for joint 
replacement and fracture internal fixation implantation [70]. Zhao et al. [71] adjusted 
the porosity of the titanium scaffold to load two types of cells by 3D printing for angi-
ogenesis and osteogenesis.

However, non-biodegradable metals exist as foreign substances in the body and need 
to be removed by secondary surgery, which not only wastes medical resources but also 
makes patients suffer from secondary surgery [72].

Biodegradable metals

At present, the degradable metals used in bone scaffolds are mainly magnesium, iron, 
and zinc. With the development of bone tissue engineering, the study of degradable 
metals has become more extensive. Biodegradable metals can not only play a supporting 
role in the healing process of bone defects, but also gradually disappear with the growth 
of bone, reduce the retention of foreign bodies in the body, and gradually release bioac-
tive substances to promote bone regeneration [73].

Magnesium is essential in the human body, magnesium and its alloys have a density 
and elastic modulus similar to that of human bone, and more importantly, the magne-
sium ions produced by degradation can promote neovascularization and osteogenesis 
[74, 75].

According to numerous studies, pure magnesium has poor mechanical properties and 
a fast degradation rate, and the load of bioactive substances can easily lead to explosive 
release. However, Dong et al. [76] confirmed that the coating can reduce the degradation 
rate and improve biocompatibility by adding magnesium fluoride and calcium phos-
phate coating to the surface of the 3D extruded printed pure magnesium scaffold and 
comparing it with the pure magnesium stent. The research on magnesium alloy is still 
ongoing, some scholars have made magnesium–calcium alloy into absorbable screws, 
and some researchers have made magnesium–calcium–zinc alloy with better degrada-
bility [77]. Magnesium is flammable and oxidized, so it needs to pay special attention 
when choosing the printing method [78].

Iron is abundant in nature, and it is involved in the reaction of hemoglobin in the body 
to carry oxygen, oxidize the respiratory chain, and promote enzymes. The degradation 
rate of iron is slow, but the degradation rate can be adjusted by ferroalloys, surface mod-
ifications, compounding with polymers, etc. Putra et  al. [79] fabricated a porous iron 
scaffold through 3D extrusion printing, confirming that it can be made into a personal-
ized scaffold with similar mechanical properties to bone.

Zinc is important for reproductive function and is a component of enzymes. Zinc is 
degraded faster than iron and slower than magnesium, which is closer to bone regenera-
tion [80]. So far, there are few studies on the 3D printing of pure zinc bone scaffolds, and 
the research on zinc is mostly compounded with other metals, polymers, bioceramics, 
etc. Cockerill et al. [81] fabricated a porous zinc scaffold by fused deposition method, 
which regulates the degradation rate through porosity, while having similar stiffness and 
strength to bone, with a cell loading survival rate of > 75%, in addition to strong antimi-
crobial effects.

These metals are mechanically stronger than polymers and are more malleable than 
bioceramics. Of the above three biodegradable metals, iron has higher mechanical 
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properties. Magnesium, iron, and zinc are prone to oxidation and have a low ignition 
point, so SLM is not recommended when choosing a printing method, as it will lead to 
high material loss due to material evaporation [81]. According to several studies, the use 
of fused deposits is more recommended.

Polymers

Natural polymers

The natural polymers used in biomaterials mainly include collagen, gelatin, hyaluronic 
acid, chitosan, sodium alginate, etc. Collagen is the most abundant protein in mammals, 
and it is used in various industries, including food, pharmaceutical, cosmetic, and bio-
medical [82, 83]. It has become the biomedical material of choice due to its biocom-
patibility, low antigenicity, and good degradability [82]. Collagen is also a component of 
bone, and gelatin is a special form of collagen, so they both have the same effect, but the 
cost of collagen is higher than that of gelatin [83]. Gelatin is a water-soluble molecule, 
which can be divided into acid and alkali benign type A and B gelatin due to different 
preparation methods. Gelatin comes from a wide range of sources, but it is susceptible 
to degradation and has insufficient mechanical properties. Huang et al. [84] mixed gela-
tin and hydroxyapatite and made a scaffold with loaded cells for the treatment of articu-
lar cartilage injury by 3D extrusion printing, confirming its feasibility. Diba et  al. [85] 
made gelatin into raspberry-like gelatin microspheres loaded with vancomycin, showing 
a good sustained-release effect. Chitosan is a natural polysaccharide that is a cationic 
polysaccharide produced by the deacetylation of chitin. Chitosan is a natural polysac-
charide that is a cationic polysaccharide produced by the deacetylation of chitin [86]. 
Chitosan hydrogels can be used for a variety of purposes through 3D printing, such as 
drug delivery by injection, scaffolding, etc. [87]. Sodium alginate is also a cationic pol-
ysaccharide, which can be a component of scaffolds or as a hydrogel, it also has good 
biocompatibility and degradability, but it also lacks mechanical properties and can be 
improved by compounding with other materials. The disadvantage of natural polymers 
is that it is difficult to change or adjust their degradation rate, and at the same time, their 
mechanical properties cannot be modified by chemically modification, because chemi-
cally modification will destroy the integrity of its polymer chain and thus destroy its bio-
logical activity.

Synthetic polymers

Synthetic polymers, also known as artificial polymers, are a type of polymer that is 
chemically synthesized by man. The most commonly used synthetic polymers are poly-
lactic acid (PLA), polycaprolactone (PCL), polylactic acid-glycolic acid (PLGA), polygly-
colic acid (PGA), and polyethylene glycol (PEG). Among them, PLGA, PLA, PGA, and 
PCL have been approved by the FDA [88], and these are widely studied and used in bone 
tissue engineering. PLA has three isomers, and being biocompatible can improve its per-
formance in various ways, but degradation products are not good for tissue. Donate et al. 
[89] coated the 3D-printed PLA scaffold with calcium carbonate to make the surface of 
the scaffold rough, so that the non-hydrophilic PLA scaffold has hydrophilicity, and cal-
cium carbonate can neutralize the acidic substances produced by PLA degradation to 
improve the damage microenvironment, and the degradation rate can be adjusted. PCL 
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is also biocompatible and better degradable. Wei et al. [68] 3D-printed PCL scaffold was 
loaded with IGF-1 by PLGA particles, which achieved the slow release of growth fac-
tors, and the released substances were non-toxic, which played a good role in promoting 
the growth of cartilage. PLGA not only has the advantages of good biocompatibility, but 
it can also adjust the degradation rate by adjusting the ratio of polylactic acid and gly-
colic acid. PLGA can be used not only as a particle for loading growth factors, as in Wei 
et al. [68], but also as a scaffold 3D printed like Mironov et al. [90]. It was shown that 
PLGA had no cytotoxicity and showed good adhesion. Compared to natural polymers, 
the degradation rate and mechanical properties of synthetic polymers can be artificially 
controlled. Synthetic polymers are less bioactive than natural polymers, and degrada-
tion such as polylactic acid creates an acidic environment that is not conducive to cell 
survival. Synthetic polymers also cause more inflammatory and immune responses than 
natural polymers. The challenge of synthetic polymers is to create scaffolds with similar 
mechanical properties to bone without causing inflammation.

Polymers are often printed by extrusion because they do not affect their physical or 
chemical properties due to heat sensitivity, photosensitivity, etc. [10]. Polymers can 
be used alone as materials for growth factor-loaded microspheres, hydrogels, sub-
strate materials for scaffolds, etc., or can be mixed with other materials to make hybrid 
scaffolds.

Bioactive ceramics

Bioactive glass

Bioactive glass is a synthetic multifunctional inorganic material, the main components 
of which are SiO2, CaO, and P2O5. Bioactive glass can promote bone regeneration, 
mainly through a series of chemical reactions in the body through bioactive glass to 
form carbonated hydroxyapatite on the surface, thereby promoting bone regeneration. 
Daskalakis et al. [91] made bioactive glass particles incorporated into polycaprolactone 
3D printed scaffolds, indicating that the addition of bioactive glass particles improved 
the mechanical properties of scaffolds and played a good role in cell dispersion. Fazeli 
et al. [92] compared the 3D-printed PCL scaffolds with hydroxyapatite (HA)/bioactive 
glass surface modifications, and found that HA and bioactive glass modified increased 
the surface roughness of the scaffold, increased hydrophilicity, and increased cell adhe-
sion. The surface modification had a greater number of osteoblasts than the control 
group and showed more durable performance. Bioactive glass has good biological activ-
ity and histocompatibility, and the performance can be adjusted by adjusting the propor-
tion of each component, but the overall mechanical properties cannot reach the degree 
of bone, and the brittleness is large. These are all things that need to be further studied 
and improved in the future.

Hydroxyapatite

Hydroxyapatite (HA) is a calcium-based inorganic substance and is the most abundant 
inorganic component in bone tissue. HA has good biocompatibility, bioactivity, and the 
properties of promoting bone regeneration. Pure hydroxyapatite is less degradable in 
tissues but can be mixed with other materials (including gelatin, polymers, and biode-
gradable metals) and can change the rate of degradation by adjusting the ratio of the 
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mixture. HA is now widely used in bone defect repair, dental fillings, and 3D stent print-
ing, among others. Wei et  al. [93] made hydroxyapatite into microspheres and added 
them to the PLGA scaffold, and the results showed that when the hydroxyapatite micro-
spheres were added to 45%, the mechanical strength of the scaffold reached a maximum 
of 40Mpa, and the addition of HA microspheres made the adhesion and proliferation of 
bone marrow mesenchymal stem cells stronger. Fitzpatrick et al. [64] mixed hydroxyapa-
tite with silk to make bone cement, and then printed hydroxyapatite scaffolds loaded 
with three growth factors through 3D extrusion printing, which showed good biocom-
patibility, mechanical properties, and degradation properties, and the growth factors 
could also be sustained, which further confirmed the feasibility of hydroxyapatite for 3D 
printing bone scaffolds.

Tricalcium phosphate

Tricalcium phosphate (TCP) is similar to HA in that it is also an inorganic substance, 
mainly calcium and phosphorus compounds. TCP has good histocompatibility and bio-
degradability, and is one of the most widely studied inorganics. TCP has two different 
structures, including β-TCP and α-TCP. β-TCP is a hexagonal crystal structure, while 
α-TCP is a triangular crystal structure. α-TCP is more susceptible to degradation, while 
β-TCP is relatively stable [94]. β-TCP will be converted into α-TCP at more than 1125 °C 
[95], α-TCP is often used in 3D printed scaffolds due to its rapid degradation and insta-
bility, and is often used in composites with other materials, while β-TCP is more used 
in bone tissue engineering. Shu et al. [96] made a β-TCP scaffold by 3D printing, which 
showed the feasibility of β-TCP scaffold, and its degradation products are phosphate and 
calcium ions, which can participate in bone formation. At the same time, in order to use 
zinc and cobalt metal for the treatment of osteoarthritis, the researchers functionalized 
the β-TCP scaffold and successfully made it have the function of reactive oxygen species 
(ROS) clearance. Zinc-cobalt functionalized β-TCP scaffold can promote bone growth 
while scavenging ROS and anti-inflammatory, providing a new protocol for the treat-
ment of osteoinflammatory diseases.

Composite materials

The above simple materials are important, but they all have their own shortcomings, and 
if you want to find a scaffold material that is closer to the structure of bone tissue, it 
must be a composite. Under the different limitations of various materials, the composite 
can form a more suitable 3D printing bone scaffold material through the combination 
and ratio of different components. Since the bone itself is complex, the composite mate-
rial may be closer. With the extensive research of 3D printing and growth factor load-
ing scaffolds in recent years, composite materials have gradually become the focus of 
research.

The purpose of metal composites is to solve the problem of excessive degradation rates 
and insufficient mechanical properties such as zinc. The magnesium-titanium composite 
materials made by Yang et al. [97] showed good mechanical properties and osteoinduc-
tiveness by infiltrating the magnesium melt into the titanium scaffold without pressure 
after 3D printing the pure titanium stent, but the degradation rate of magnesium was 
faster than that of the pure magnesium stent, which the researchers said may be related 



Page 13 of 23Zhan et al. BioMedical Engineering OnLine           (2025) 24:14  

to galvanic corrosion. Ali et  al. [98] composited PLA and magnesium and then 3D 
printed a porous scaffold and showed that a good honeycomb structure was produced 
at a concentration of 5% Mg, and a porous structure at 10%. The composite scaffold has 
good cell adhesion and osteoinduction, but the addition of Mg will make the degrada-
tion rate faster, which is still a problem.

The polymer complex is mainly designed to address the acidic microenvironment and 
degradation rate generated by the decomposition of polymers. Yazdimamaghani et  al. 
[99] modified the surface of the magnesium scaffold with a mixture of PCL and bioac-
tive glass, which not only slowed down the degradation rate of the magnesium scaffold 
but also formed a layer of hydroxyapatite on the surface to promote osteogenesis. At the 
same time, it also improves the overall mechanical properties and biological activity of 
the stent. The complexes of polymers and bioactive ceramics are now widely studied, 
including gelatin microspheres and hydroxyapatite composite scaffolds, as well as poly-
mers and bioactive ceramic particles, and the plasticity of polymers plus the biocompat-
ibility and mechanical properties of bioactive ceramics are a kind of complexes worth 
studying.

The purpose of bioactive ceramic composites is to alter the degradability of bioac-
tive ceramics. The research on nano-hydroxyapatite in bioactive ceramics continues to 
deepen, Xu et al. [100] printed a porous composite scaffold based on nano-hydroxyapa-
tite, polylactic acid, and nano-magnesium oxide, which had good mechanical properties, 
biocompatibility, and the ability to stimulate bone regeneration. Magnesium oxide also 
adjusts PH during degradation, improving the microenvironment. It has shown great 
potential in the treatment of bone defects.

A complex may be made up of two different substances in the same class, or it may 
be composed of two or more different substances. The components complement each 
other to compensate for the shortcomings between the components so that a composite 
material can be compounded closer to the bone tissue. Composites are widely studied in 
bone tissue engineering today and are expected to be suitable bone graft materials in the 
future.

Mechanism and control of growth factor release
Growth factors are essentially peptides or proteins. The factors that affect its stability 
mainly include physical factors, chemical factors, and biological factors [101]. Physi-
cal factors are mainly temperature and light. High temperatures tend to cause dena-
turation and inactivation of growth factors, while low temperatures inhibit the activity 
of growth factors but do not cause loss of activity [30]. Light, mainly UV light, causes 
growth factor chemical bonds to break thus affecting growth factor stability. Chemical 
factors are mainly PH and oxidants, etc. Growth factors are usually only stable within 
a specific PH range, when the PH is too high or too low it will cause the growth fac-
tor charge to change and thus destabilise [102]. Oxidants can oxidise certain groups 
of growth factors, therefore affecting their stability. Biological factors are mainly pro-
teolytic hydrolysis, where specific proteases hydrolyse the corresponding growth factors 
and inactivate them outright [103]. Therefore ensuring the stability of growth factors is 
also a key issue. At the same time, the main role of growth factors in bone scaffolds is to 
stimulate the proliferation and differentiation of bone marrow mesenchymal stem cells 



Page 14 of 23Zhan et al. BioMedical Engineering OnLine           (2025) 24:14 

and osteoblasts to promote osteogenesis, so it is also crucial to maintain an appropriate 
concentration of growth factors. The release of growth factors depends mainly on how 
they are bound to the scaffold. The main methods of bonding are physical adsorption or 
embedding, chemical bonding, microsphere encapsulation, etc. (Table 3).

Physical binding is the easiest way to load growth factors, but simple physical adsorp-
tion may result in explosive releases that can have side effects. Kanematsu et al. [104] 
loaded basic fibroblast growth factor (bFGF), hepatocyte growth factor (HGF), PDGF, 
and VEGF into the collagen matrix by direct physical adsorption, indicating that these 
growth factors exhibited different release curves. This may be related to the interaction 
of growth factors with the collagen matrix. Although different growth factors have dif-
ferent release profiles, they all have an initial burst of release. This further suggests that 
burst releases are susceptible to occur both by simple physical adsorption on the sur-
face of the scaffold, for example, and by various means of binding to scaffolds that have 
a rapid rate of degradation. It can be controlled by adjusting the physical structure of 
the scaffold (porosity, cross-linking), or by modifying the surface of the scaffold with a 
fast degradation rate, and at the same time, the growth factor can be encapsulated by 
microspheres and then loaded on the scaffold to achieve delayed release [105]. Or some 
of the more widely studied non-covalent bonding methods, including electrospinning, 
hydrogel bonding, and polyelectrolyte multilayer film coating. At present, there are also 
many studies on hydrogel binding, because hydrogels can be used as both a carrier for 
growth factor binding and one of the substrate materials for composite scaffolds. Lv 

Table 3 Key findings and key insights from different methods of loading growth factors with 
different materials

Combination method materials Key findings Critical insights

Physical adsorption Scaffold
Hydrogel

Simple, fast, with a noticeable 
burst of release
Simple, fast, with sudden release

Growth factors are exposed and 
their activity is susceptible to 
environmental influences and 
uncontrolled release rates
Growth factors are not directly 
exposed, they are more active, and 
the sustained-release rate is poorly 
controlled

Chemical bonding PCL
PVA-Tyr

Poly(oligo (ethylene glycol) meth-
acrylate) (POEGMA) modified PCL 
was covalently bound (amide 
bonded) to growth factors
Extensive covalent binding 
(bisphenol bonding) to growth 
factors

Chemical modification is required 
to provide the active moiety first, 
and the effect on growth factor 
activity is unknown
Multiple growth factors can be 
achieved by combining multiple 
growth factors to achieve multiple 
growth factors together for slow-
release therapy

Microsphere encapsulation Gelatin
PLGA
Chitosan

Biocompatible and can be loaded 
with a wider range of growth 
factors depending on the charge 
carried by the A and B types
Long sustained release time. 
Degradation produces acidic 
substances that produce undesir-
able effects
It can be made into nanoscale 
microspheres, but 80% of it is 
released abruptly in the first 4 h

The combination of types A and 
B allows for the co-retardation of 
multiple growth factors
Neutralisation of acids in combina-
tion with alkaline materials, e.g. 
simultaneous use with MnO2 
microspheres
It can be combined with PLGA, 
etc. to prepare novel composite 
microspheres
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et al. [106] then achieved rapid release of PDGF-BB and slow release of BMP-2 through 
a temperature-controlled hydrogel, which provides new ideas for the treatment of bone 
defects using multiple growth factors at different release concentrations. In short, physi-
cal bonding, though simple, has lost its research fervor.

Compared with direct physical binding, chemical binding can effectively reduce explo-
sive release. Covalent binding, as the name suggests, is a chemical reaction between 
two chemical groups to bind together, and the binding of growth factors and scaffolds 
requires modification of the growth factors and scaffolds so that they can be covalently 
bound with active functional groups. This method can be released slowly, mainly due 
to hydrolysis and reduction reactions, or catalyzed reactions by enzymes [107]. Cova-
lent binding to scaffolds or chemical application on the scaffold surface can affect the 
active site of the protein and may affect the biological activity of the growth factor. How-
ever, Di Luca et al. [108] covalently combined BMP-2 and TGF-β with polycaprolactone 
to 3D printed scaffolds, which showed that the growth factor activity was not affected 
and could be released gradually, effectively promoting bone regeneration. Atienza-Roca 
et al. [109] used tyraminated poly-vinyl-alcohol (PVA-Tyr) to form bi-phenol bonds with 
growth factors, which were then prepared into hydrogels to achieve long-term sustained 
release. In conclusion, although covalent binding contributes to slow release, the draw-
backs are obvious; covalent modification is difficult, the preparation process is time-con-
suming and labor-intensive, and most importantly, the effect on growth factor activity is 
still unclear and no good improvement methods have been reported. This is a difficulty 
and a priority that needs to be addressed in future research.

Microsphere encapsulation is currently the most widely studied approach. The materi-
als prepared by microspheres include gelatin, hyaluronic acid, chitosan, artificial poly-
mer materials (polylactic acid, polylactic acid-glycolic acid copolymer), hydroxyapatite, 
etc. The preparation methods of microspheres include the emulsification method, sec-
ondary coagulation method, solvent volatilization method, electrospray method, etc. 
[110]. The small size and large surface area of the microspheres are conducive to the 
loading of growth factors, the microspheres can protect the growth factors from reach-
ing the site of action, the microspheres can prolong the release of growth factors and 
release them slowly with bone growth, and the microspheres can also be used as the 
constituent materials of the scaffold and mix with other substances to make the scaffold. 
Azizian et al. [111] prepared chitosan nanospheres loaded with basic fibroblast growth 
factor and bovine serum albumin by ionic gel method, and then fabricated porous chi-
tosan gelatin scaffolds. The results showed that the addition of chitosan nanoparticles 
slowed down the degradation rate of chitosan gelatin scaffolds, and the growth factor 
release of chitosan particles alone reached 80% within 4  days and reached 80% after 
incorporation into the scaffold, and the release of growth factors was significantly slowed 
down. Although Azizian et al. achieved slow release by microsphere loading of growth 
factors, the time of slow release was still unsatisfactory, whereas Scheiner et  al. [112] 
loaded both VEGF, FGF, and IGF via negatively charged PLGA microspheres, and IGF 
exhibited rapid release, whereas VEGF and FGF sustained release for 4  weeks. While 
they improved the slow release of growth factors, they could not selectively control the 
sequential release of growth factors when loading multiple growth factors. This prob-
lem was solved by Liu et al. [113] by creating a shell-and-core microsphere that achieves 
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control of the order of release of the two growth factors by loading different growth 
factors into the outer shell and the inner core. However, the release rate of growth fac-
tors loaded into the shell in the shell-core microspheres they prepared was still fast, and 
could perhaps be improved by adjusting the materials used to prepare the microspheres 
or by preparing a microsphere with a three-layer structure.

With the deepening of research on bone tissue engineering, some studies have shown 
that the degradation rate can be changed through external interference to regulate 
the release of growth factors. These external factors may include temperature, ultra-
sound, infrared light, and mechanical stress. Badeau et  al. [114] fabricated hydrogels 
that respond to multiple factors, which can be delivered in multiple cells in a continu-
ous space–time manner under the stimulation of enzymes, reduction, and light, and 
expressed potential for the treatment of highly restrictive diseases. Song et  al. [40] 
developed a multifunctional polylactic acid-glycolic acid (PLGA) microsphere, loaded 
with BMP-2, which was released on demand in response to the damage microenviron-
ment and external ultrasound, which provided a new idea for controlling the release of 
growth factors. 3D printing technology can more precisely control the distribution of 
growth factors in the scaffold, so that the distribution of growth factors is more uniform, 
and then continue to release growth factors with the gradual degradation of the scaf-
fold, compared with traditional technology, the release rate of growth factors is more 
stable [5]. Combining this intelligent control method with the personalized treatment 
of 3D-printed stents will solve many difficult problems. However, the release of multiple 
substances at the same time and the selection of response materials are issues that need 
to be further studied and improved.

Clinical application
Bones have a high regenerative potential and support the organism of living organisms. 
Bone defects can deprive a person of the most basic support, which can lead to a range 
of problems. The treatment of bone defects remains a clinical challenge, and although 
autologous transplantation is an optimal treatment, it is often not possible to meet the 
demand due to the limited number of autologous bone grafts. With the continuous 
research of bone tissue engineering, 3D printed scaffolds have emerged, which solves the 
shortage of graft materials and the need for personalized customization, but its osteo-
genic effect still cannot meet the needs of clinical treatment. Therefore, 3D-printed scaf-
folds loaded with growth factors have been born.

Before the advent of 3D-printed bone grafts, bone grafts had a long history, dating 
back to 2300 BC. Archaeological finds in Peru of Inca skulls, covered with gold or silver 
plates, confirm that early transplantation of the skulls of wounded soldiers was carried 
out at that time, according to relevant literature, as well as coca, gourd, coconut, but 
all failed [115]. In the first bone graft in 1668, the Dutch physician Jon van Meekeren 
used a canine skull to repair a soldier’s skull injury, but it was removed due to opposition 
from the Christian church [116]. In 1881, Macewen performed the first allogeneic bone 
graft in Scotland [117]. In 1885, autologous bone grafting was popularized, in 1892, the 
synthetic material calcium sulfate gypsum, and in 1965, titanium was used [118]. Bone 
tissue engineering was proposed in the 90 s of the twentieth century and began exten-
sive and in-depth research, which is the basis of bone tissue engineering now, and 3D 
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printing began to be used by researchers to print bone scaffolds during the same period 
[119, 120]. Since then, the connection between 3D printing and bone tissue engineer-
ing has been deepened, and 3D-printed biological scaffolds have ushered in a research 
boom.

Kim et  al. [121] fabricated a temperature-sensitive 3D printed scaffold containing 
growth factors, which can be used to adjust the mechanical properties of the scaffold 
by temperature during printing, and showed good performance in animal experiments. 
These intelligent and controllable stents are still in the experimental stage, and no rel-
evant treatments have been reported in clinical trials. 3D-printed titanium stents have 
long been clinically reported for clinical use in distal tibia defects and foot surgery, and 
have also been approved by the FDA [122]. 3D printing in orthopedic clinical practice 
from model printing to help doctors intuitively understand the bone structure and make 
surgical planning, customized prostheses, accurate printing of personalized prostheses 
to meet the individual needs of patients, surgical assistance and navigation, printing spe-
cial auxiliary tools and models to make surgery safer, bone tissue engineering 3D print-
ing, bringing new hope for bone regeneration and bone repair. 3D printing technology 
has been widely used in clinical practice, but 3D printed scaffolds loaded with growth 
factors are still in the experimental stage as shown in Fig. 2, and are rarely reported in 
clinical literature, and are promising to be applied to clinical applications in the future.

Challenges and future directions
Bone tissue engineering is an effective treatment for bone defects and other diseases, 
and scaffolds containing growth factors are the most widely studied. Although the 
research on 3D printed scaffolds loaded with growth factors is becoming more and more 
mature, there are still many problems that need to be solved.

Bone tissue engineering is a multidisciplinary project, so it is difficult and necessary to 
ensure the accuracy of printing. The pore structure and complex personalized geometry 
of the scaffold are required, but printing trabecular structures that resemble bone tissue 
remains a challenge. At the same time, the selection and concentration control of growth 
factors is also a challenge. The growth factor is a protein that promotes tissue growth 
and differentiation, and it is easy to lose its activity in vitro, so it is also important to 

Fig. 2 Schematic diagram of 3D printing of growth factors and biomaterials for preparation of scaffolds and 
their application
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choose the right carrier, although various hydrogels, polymer particles, etc. are currently 
used, the guaranteed activity is still limited. At present, the degradation rate of many 
scaffolds can be controlled by various methods such as material ratio, but the degrada-
tion rate of scaffolds close to the bone growth rate still needs to be studied. 3D printed 
composite materials still need to find a more suitable composite composition and the 
ratio of each component. It is necessary to have a high degree of plasticity, and accord-
ing to the mechanical strength of the bone in different parts, print scaffolds are simi-
lar to their mechanical properties. The degradation rate needs to be highly consistent 
with the regeneration rate of bone, and it needs to be continuously degraded with the 
growth of bone, and the degradation products have no adverse effect on tissue. 3D print-
ing materials have their limitations, so it still takes effort to choose the right printing 
method and printing material to print a bracket with a high degree of biomimicry. The 
controllable release of multiple growth factors from the same scaffold is a promising way 
to treat bone defects in the future, which is 4D printing. 4D printing adds a temporal 
dimension to the 3D basis, making a scaffold by responding to some stimuli with materi-
als, and then controlling some of the properties of the scaffold through specific stimuli. 
Stimuli are physical (temperature, light, magnetic, electric), chemical (PH), and biologi-
cal (enzyme) [123]. 4D printing can achieve human intervention and control so that the 
stent is dynamic. However, due to the limited material response to external stimuli and 
the possible similarity of molecular weights and isoelectric points of multiple growth 
factors, 4D printing with on-demand gradual release still needs further research.

Conclusion
Bone tissue engineering is an important engineering project to solve bone grafting, and 
3D-printed bone scaffolds are a product of a new era of bone tissue engineering. At the 
same time, it can also replace normal bone tissue to support the organism. The most 
important thing is that the loaded growth factors can activate and promote the regen-
eration of bone tissue, and reduce the occurrence of poor bone healing and nonunion.

The first step in 3D printing bone scaffold is to choose the right printing material, and 
the bone graft material has gradually changed from non-degradable to biodegradable, 
from a single metal to polymer, bioceramic, and then to a composite. The material is 
gradually approaching the functional properties of normal bone tissue, not only having 
the mechanical properties, biocompatibility, and biological activity of normal bone but 
also now the research can achieve in vitro intelligent response and release bioactive sub-
stances on demand. The development of 3D printing technology has also brought more 
choices for personalized scaffolds, and different materials are suitable for different print-
ing methods, such as metal multi-purpose fused deposition method, polymer multi-pur-
pose extrusion printing, and bioceramic commonly used SLM. 3D printing technology 
can control the porosity during printing to adjust the performance of the stent. Growth 
factors for bone tissue engineering are also being clarified, and the most common and 
effective ones are the BMP family.

Through 3D printing, the scaffold is accurately manufactured to fit the bone and pro-
vides the necessary mechanical support, and the growth factor promotes bone growth, 
and with the growth of bone, the scaffold is constantly degraded and disappears. 
Although many studies are still in the experimental stage, their potential is obvious 
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to all, and 3D-printed scaffolds containing growth factors are expected to become an 
important tool in the treatment of orthopedic diseases soon.

Limitations
Although there are many studies suggesting that 3D-printed scaffolds containing growth 
factors are an effective solution to difficult problems such as bone defects, there are still 
some problems and limitations in the current research. First, there are limited biomate-
rials that can be used for 3D printing with good mechanical properties and degradation, 
and current materials still do not fully satisfy clinical applications and long-term needs. 
Second, the rate and duration of growth factor release is currently difficult to precisely 
control, and realizing the on-demand release of multiple growth factors is even more 
difficult. Finally, studies have been conducted in animal models or in vitro, and there is 
still a lack of research and data to support the safety and efficacy of growth factor-con-
taining 3D-printed scaffolds in humans. Coupled with the high cost of 3D printing and 
biomaterials, clinical translation remains problematic. In conclusion, although growth 
factor-containing 3D-printed scaffolds have great potential in the treatment of orthope-
dic diseases, further research is needed to address these issues and limitations.

Author contribution
Longwen Zhan： write articles, ideate, and graph. Yigui Zhou： article revision, polished. Ruitang Liu： article revision, 
polished. Ruilong Sun： provide ideas, polished. Yunfei Li： provide ideas, polished. Yongzheng Tian： provide ideas, 
polished. Bo Fan： article revision, polishing, review.

Funding
No funding.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Competing interests
The authors declare no competing interests.

Received: 10 November 2024   Accepted: 24 January 2025

References
 1. Koons GL, Mikos AG. Progress in three-dimensional printing with growth factors. J Controll Release. 2019;295:50–9.
 2. Canalis E. Effect of growth factors on bone cell replication and differentiation. Clin Orthop Relat Res. 

1985;193:246–63.
 3. Place LW, Sekyi M, Kipper MJ. Aggrecan-mimetic, glycosaminoglycan-containing nanoparticles for growth factor 

stabilization and delivery. Biomacromol. 2014;15(2):680–9.
 4. Liu X, Ma C, Jing Y, et al. Hierarchical nanofibrous microspheres with controlled growth factor delivery for bone 

regeneration. Adv Healthcare Mater. 2015;4(17):2699–708.
 5. Liu C, Peng Z, Xu H, et al. 3D printed platelet-rich plasma-loaded scaffold with sustained cytokine release for bone 

defect repair. Tissue Eng Part A. 2022;28(15–16):700–11.
 6. Vaz VM, Kumar L. 3D printing as a promising tool in personalized medicine. AAPS PharmSciTech. 2021;22(1):49.
 7. Safdari M, Bibak B, Soltani H, et al. Recent advancements in decellularized matrix technology for bone tissue 

engineering. Differ Res Biol Divers. 2021;121:25–34.
 8. Tack P, Victor J, Gemmel P, et al. 3D-printing techniques in a medical setting: a systematic literature review. Biomed 

Eng Online. 2016;15:115.
 9. Nauth A, Schemitsch E, Norris B, et al. Critical-size bone defects: is there a consensus for diagnosis and treatment? 

J Orthop Trauma. 2018;32(Suppl 1):S7–11.
 10. Mirkhalaf M, Men Y, Wang R, et al. Personalized 3D printed bone scaffolds: a review. Acta Biomater. 

2023;156:110–24.
 11. Brachet A, Bełżek A, Furtak D, et al. Application of 3D printing in bone grafts. Cells. 2023;12(6):859.



Page 20 of 23Zhan et al. BioMedical Engineering OnLine           (2025) 24:14 

 12. Pandey M, Choudhury H, Fern JLC, et al. 3D printing for oral drug delivery: a new tool to customize drug delivery. 
Drug Deliv Transl Res. 2020;10(4):986–1001.

 13. Xie Z, Gao M, Lobo AO, et al. 3D bioprinting in tissue engineering for medical applications: the classic and the 
hybrid. Polymers. 2020;12(8):1717.

 14. Prasad LK, Smyth H. 3D Printing technologies for drug delivery: a review. Drug Dev Ind Pharm. 2016;42(7):1019–31.
 15. Cui H, Miao S, Esworthy T, et al. 3D bioprinting for cardiovascular regeneration and pharmacology. Adv Drug Deliv 

Rev. 2018;132:252–69.
 16. Melchels FPW, Feijen J, Grijpma DW. A review on stereolithography and its applications in biomedical engineering. 

Biomaterials. 2010;31(24):6121–30.
 17. Zein I, Hutmacher DW, Tan KC, et al. Fused deposition modeling of novel scaffold architectures for tissue engineer-

ing applications. Biomaterials. 2002;23(4):1169–85.
 18. Wasti S, Adhikari S. Use of biomaterials for 3D printing by fused deposition modeling technique: a review. Front 

Chem. 2020;8:315.
 19. Li G, Zhao J, Wu W, et al. Effect of ultrasonic vibration on mechanical properties of 3D printing non-crystalline and 

semi-crystalline polymers. Materials. 2018;11(5):826.
 20. Chia HN, Wu BM. Recent advances in 3D printing of biomaterials. J Biol Eng. 2015;9:4.
 21. Gokuldoss PK, Kolla S, Eckert J. Additive manufacturing processes: selective laser melting, electron beam melting 

and binder jetting-selection guidelines. Materials. 2017;10(6):672.
 22. Kumar S, Singh I, Koloor SSR, et al. On laminated object manufactured FDM-printed ABS/TPU multimaterial speci-

mens: an insight into mechanical and morphological characteristics. Polymers. 2022;14(19):4066.
 23. Li Y, Ren X, Zhu L, et al. Biomass 3D printing: principles, materials, post-processing and applications. Polymers. 

2023;15(12):2692.
 24. Wilson WC, Boland T. Cell and organ printing 1: protein and cell printers. Anat Record Part A, Discov Mol, Cell, Evol 

Biol. 2003;272(2):491–6.
 25. Li X, Liu B, Pei B, et al. Inkjet Bioprinting of Biomaterials. Chem Rev. 2020;120(19):10793–833.
 26. Rider P, Kačarević ŽP, Alkildani S, et al. Bioprinting of tissue engineering scaffolds. J Tissue Eng. 

2018;9:2041731418802090.
 27. Hakobyan D, Kerouredan O, Remy M, et al. Laser-assisted bioprinting for bone repair. Methods Mol Biol. 

2020;2140:135–44.
 28. Mandrycky C, Wang Z, Kim K, et al. 3D bioprinting for engineering complex tissues. Biotechnol Adv. 

2016;34(4):422–34.
 29. Murphy SV, Atala A. 3D bioprinting of tissues and organs. Nat Biotechnol. 2014;32(8):773–85.
 30. Koons GL, Kontoyiannis PD, Diba M, et al. Effect of 3D printing temperature on bioactivity of bone morphogenetic 

protein-2 released from polymeric constructs. Ann Biomed Eng. 2021;49(9):2114–25.
 31. Hsu EL, Stock SR. Growth factors, carrier materials, and bone repair. Handb Exp Pharmacol. 2020;262:121–56.
 32. Krishnakumar GS, Roffi A, Reale D, et al. Bone morphogenic protein augmentation for long bone healing” response 

to “clinical need for bone morphogenetic protein. Int Orthop. 2017;41(11):2417–9.
 33. Bessa PC, Casal M, Reis RL. Bone morphogenetic proteins in tissue engineering: the road from the laboratory to 

the clinic, part I (basic concepts). J Tissue Eng Regen Med. 2008;2(1):1–13.
 34. Zou M-L, Chen Z-H, Teng Y-Y, et al. The smad dependent TGF-β and BMP signaling pathway in bone remodeling 

and therapies. Front Mol Biosci. 2021;8:593310.
 35. Draenert FG, Nonnenmacher A-L, Kämmerer PW, et al. BMP-2 and bFGF release and in vitro effect on human 

osteoblasts after adsorption to bone grafts and biomaterials. Clin Oral Implants Res. 2013;24(7):750–7.
 36. Kim S, Kim J, Gajendiran M, et al. Enhanced skull bone regeneration by sustained release of BMP-2 in interpen-

etrating composite hydrogels. Biomacromol. 2018;19(11):4239–49.
 37. Seok JM, Kim MJ, Park JH, et al. A bioactive microparticle-loaded osteogenically enhanced bioprinted scaffold that 

permits sustained release of BMP-2. Mater Today Bio. 2023;21:100685.
 38. Wei J, Xia X, Xiao S, et al. Sequential dual-biofactor release from the scaffold of mesoporous HA microspheres and 

PLGA Matrix for boosting endogenous bone regeneration. Adv Healthcare Mater. 2023;12(20): e2300624.
 39. Min Q, Liu J, Yu X, et al. Sequential delivery of dual growth factors from injectable chitosan-based composite 

hydrogels. Mar Drugs. 2019;17(6):365.
 40. Song Q, Wang D, Li H, et al. Dual-response of multi-functional microsphere system to ultrasound and microenvi-

ronment for enhanced bone defect treatment. Bioact Mater. 2024;32:304–18.
 41. Miljkovic ND, Cooper GM, Marra KG. Chondrogenesis, bone morphogenetic protein-4 and mesenchymal stem 

cells. Osteoarthr Cartil. 2008;16(10):1121–30.
 42. Sarsenova M, Raimagambetov Y, Issabekova A, et al. Regeneration of osteochondral defects by combined delivery 

of synovium-derived mesenchymal stem cells, TGF-β1 and BMP-4 in heparin-conjugated fibrin hydrogel. Poly-
mers. 2022;14(24):5343.

 43. Sun X, Ma Z, Zhao X, et al. Three-dimensional bioprinting of multicell-laden scaffolds containing bone morpho-
genic protein-4 for promoting M2 macrophage polarization and accelerating bone defect repair in diabetes 
mellitus. Bioact Mater. 2021;6(3):757–69.

 44. Grasser WA, Orlic I, Borovecki F, et al. BMP-6 exerts its osteoinductive effect through activation of IGF-I and EGF 
pathways. Int Orthop. 2007;31(6):759–65.

 45. Toprak Ö, Topuz B, Monsef YA, et al. BMP-6 carrying metal organic framework-embedded in bioresorbable electro-
spun fibers for enhanced bone regeneration. Mater Sci Eng C, Mater Biol Appl. 2021;120:111738.

 46. Tsuji K, Cox K, Gamer L, et al. Conditional deletion of BMP7 from the limb skeleton does not affect bone formation 
or fracture repair. J Orthopaedic Res. 2010;28(3):384–9.

 47. Carlson WD, Keck PC, Bosukonda D, et al. A process for the design and development of novel bone morphoge-
netic protein-7 (BMP-7) mimetics with an example: THR-184. Front Pharmacol. 2022;13:864509.

 48. Hunziker EB, Liu Y, Muff M, et al. The slow release of BMP-7 at a low dose accelerates dental implant healing in an 
osteopenic environment. Eur Cell Mater. 2021;41:170–83.



Page 21 of 23Zhan et al. BioMedical Engineering OnLine           (2025) 24:14  

 49. Wytrwal M, Sekuła-Stryjewska M, Pomorska A, et al. Cellular response to bone morphogenetic proteins-2 and 
-7 covalently bound to photocrosslinked heparin-diazoresin multilayer. Biomolecules. 2023;13(5):842.

 50. Luther G, Wagner ER, Zhu G, et al. BMP-9 induced osteogenic differentiation of mesenchymal stem cells: 
molecular mechanism and therapeutic potential. Curr Gene Ther. 2011;11(3):229–40.

 51. Park J-H, Koh E-B, Seo Y-J, et al. BMP-9 improves the osteogenic differentiation ability over BMP-2 through p53 
signaling in vitro in human periosteum-derived cells. Int J Mol Sci. 2023;24(20):15252.

 52. Lin J-M, Callon KE, Lin J-S, et al. Actions of fibroblast growth factor-8 in bone cells in vitro. Am J Physiol Endo-
crinol Metab. 2009;297(1):142–50.

 53. Schmid GJ, Kobayashi C, Sandell LJ, et al. Fibroblast growth factor expression during skeletal fracture healing 
in mice. Dev Dyn. 2009;238(3):766–74.

 54. Stamnitz S, Krawczenko A, Szałaj U, et al. Osteogenic potential of sheep mesenchymal stem cells pre-
conditioned with BMP-2 and FGF-2 and seeded on an nHAP-coated PCL/HAP/β-TCP scaffold. Cells. 
2022;11(21):3446.

 55. Phipps MC, Xu Y, Bellis SL. Delivery of platelet-derived growth factor as a chemotactic factor for mesenchymal 
stem cells by bone-mimetic electrospun scaffolds. PLoS ONE. 2012;7(7): e40831.

 56. Caplan AI, Correa D. PDGF in bone formation and regeneration: new insights into a novel mechanism involv-
ing MSCs. J Orthopaedic Res. 2011;29(12):1795–803.

 57. Hollinger JO, Hart CE, Hirsch SN, et al. Recombinant human platelet-derived growth factor: biology and clinical 
applications. J Bone Joint Surg Am. 2008;90(Suppl 1):48–54.

 58. Melrose J, Hayes AJ, Whitelock JM, et al. Perlecan, the “jack of all trades” proteoglycan of cartilaginous weight-
bearing connective tissues. BioEssays News Rev Mol, Cell Dev Biol. 2008;30(5):457–69.

 59. Lee J, Seok JM, Huh SJ, et al. 3D printed micro-chambers carrying stem cell spheroids and pro-proliferative 
growth factors for bone tissue regeneration. Biofabrication. 2020;13(1):015011.

 60. Novak S, Madunic J, Shum L, et al. PDGF inhibits BMP2-induced bone healing. NPJ Regen Med. 2023;8(1):3.
 61. Mohan S, Raghavendran HB, Karunanithi P, et al. Incorporation of human-platelet-derived growth factor-BB 

encapsulated poly(lactic-co-glycolic acid) microspheres into 3D CORAGRAF enhances osteogenic differentia-
tion of mesenchymal stromal cells. ACS Appl Mater Interfaces. 2017;9(11):9291–303.

 62. Daniels TR, Younger ASE, Penner MJ, et al. Prospective randomized controlled trial of hindfoot and 
ankle fusions treated with rhPDGF-BB in combination with a β-TCP-collagen matrix. Foot Ankle Int. 
2015;36(7):739–48.

 63. Clarkin CE, Gerstenfeld LC. VEGF and bone cell signalling: an essential vessel for communication? Cell Biochem 
Funct. 2013;31(1):1–11.

 64. Fitzpatrick V, Moldes ZM, Deck A, et al. Functionalized 3D-printed silk-hydroxyapatite scaffolds for enhanced 
bone regeneration with innervation and vascularization. Biomaterials. 2021;276:120995.

 65. Elebiyo TC, Rotimi D, Evbuomwan IO, et al. Reassessing vascular endothelial growth factor (VEGF) in anti-
angiogenic cancer therapy. Cancer Treat Res Commun. 2022;32:100620.

 66. Hasan S, Al-Jamal M, Miller A, et al. Efficacy and outcome measurement of iFactor/ABM/P-15 in lumbar spine 
surgery: a systematic review. Glob Spine J. 2023. https:// doi. org/ 10. 1177/ 21925 68223 12172 53.

 67. Gillman CE, Jayasuriya AC. FDA-approved bone grafts and bone graft substitute devices in bone regeneration. 
Mater Sci Eng C, Mater Biol Appl. 2021;130:112466.

 68. Wei P, Xu Y, Gu Y, et al. IGF-1-releasing PLGA nanoparticles modified 3D printed PCL scaffolds for cartilage tis-
sue engineering. Drug Delivery. 2020;27(1):1106–14.

 69. Zhang H, Li X, Li J, et al. SDF-1 mediates mesenchymal stem cell recruitment and migration via the SDF-1/
CXCR4 axis in bone defect. J Bone Miner Metab. 2021;39(2):126–38.

 70. Wang H, Su K, Su L, et al. Comparison of 3D-printed porous tantalum and titanium scaffolds on osteointegra-
tion and osteogenesis. Mater Sci Eng C, Mater Biol Appl. 2019;104:109908.

 71. Zhao H, Shen S, Zhao L, et al. 3D printing of dual-cell delivery titanium alloy scaffolds for improving osseointe-
gration through enhancing angiogenesis and osteogenesis. BMC Musculoskelet Disord. 2021;22(1):734.

 72. Turnbull G, Clarke J, Picard F, et al. 3D bioactive composite scaffolds for bone tissue engineering. Bioact Mater. 
2018;3(3):278–314.

 73. Erbel R, di Mario C, Bartunek J, et al. Temporary scaffolding of coronary arteries with bioabsorbable magne-
sium stents: a prospective, non-randomised multicentre trial. Lancet. 2007;369(9576):1869–75.

 74. Staiger MP, Pietak AM, Huadmai J, et al. Magnesium and its alloys as orthopedic biomaterials: a review. Bioma-
terials. 2006;27(9):1728–34.

 75. Zhang Y, Xu J, Ruan YC, et al. Implant-derived magnesium induces local neuronal production of CGRP to 
improve bone-fracture healing in rats. Nat Med. 2016;22(10):1160–9.

 76. Dong J, Tümer N, Putra NE, et al. Extrusion-based 3D printed magnesium scaffolds with multifunctional MgF2 
and MgF2-CaP coatings. Biomater Sci. 2021;9(21):7159–82.

 77. Zhang Y-Q, Li Y, Liu H, et al. Mechanical and biological properties of a biodegradable Mg-Zn-Ca porous alloy. 
Orthop Surg. 2018;10(2):160–8.

 78. Karunakaran R, Ortgies S, Tamayol A, et al. Additive manufacturing of magnesium alloys. Bioact Mater. 
2020;5(1):44–54.

 79. Putra NE, Leeflang MA, Minneboo M, et al. Extrusion-based 3D printed biodegradable porous iron. Acta Bio-
mater. 2021;121:741–56.

 80. Fu J, Su Y, Qin Y-X, et al. Evolution of metallic cardiovascular stent materials: a comparative study among stain-
less steel, magnesium and zinc. Biomaterials. 2020;230:119641.

 81. Cockerill I, Su Y, Sinha S, et al. Porous zinc scaffolds for bone tissue engineering applications: a novel additive 
manufacturing and casting approach. Mater Sci Eng C, Mater Biol Appl. 2020;110:110738.

 82. Sorushanova A, Delgado LM, Wu Z, et al. The collagen suprafamily: from biosynthesis to advanced biomaterial 
development. Adv Mater. 2019;31(1): e1801651.

https://doi.org/10.1177/21925682231217253


Page 22 of 23Zhan et al. BioMedical Engineering OnLine           (2025) 24:14 

 83. Ferreira AM, Gentile P, Chiono V, et al. Collagen for bone tissue regeneration. Acta Biomater. 
2012;8(9):3191–200.

 84. Huang J, Huang Z, Liang Y, et al. 3D printed gelatin/hydroxyapatite scaffolds for stem cell chondrogenic dif-
ferentiation and articular cartilage repair. Biomater Sci. 2021;9(7):2620–30.

 85. Diba M, Pape B, Klymov A, et al. Nanostructured raspberry-like gelatin microspheres for local delivery of multi-
ple biomolecules. Acta Biomater. 2017;58:67–79.

 86. Tao F, Cheng Y, Shi X, et al. Applications of chitin and chitosan nanofibers in bone regenerative engineering. 
Carbohyd Polym. 2020;230:115658.

 87. Rajabi M, McConnell M, Cabral J, et al. Chitosan hydrogels in 3D printing for biomedical applications. Carbohyd 
Polym. 2021;260:117768.

 88. Tyler B, Gullotti D, Mangraviti A, et al. Polylactic acid (PLA) controlled delivery carriers for biomedical applica-
tions. Adv Drug Deliv Rev. 2016;107:163–75.

 89. Donate R, Paz R, Quintana Á, et al. Calcium carbonate coating of 3D-printed PLA scaffolds intended for bio-
medical applications. Polymers. 2023;15(11):2506.

 90. Mironov AV, Grigoryev AM, Krotova LI, et al. 3D printing of PLGA scaffolds for tissue engineering. J Biomed 
Mater Res, Part A. 2017;105(1):104–9.

 91. Daskalakis E, Huang B, Vyas C, et al. Novel 3D bioglass scaffolds for bone tissue regeneration. Polymers. 
2022;14(3):445.

 92. Fazeli N, Arefian E, Irani S, et al. Accelerated reconstruction of rat calvaria bone defect using 3D-printed scaf-
folds coated with hydroxyapatite/bioglass. Sci Rep. 2023;13(1):12145.

 93. Wei J, Yan Y, Gao J, et al. 3D-printed hydroxyapatite microspheres reinforced PLGA scaffolds for bone regenera-
tion. Biomater Adv. 2022;133:112618.

 94. Yuan H, de Bruijn JD, Li Y, et al. Bone formation induced by calcium phosphate ceramics in soft tissue of dogs: 
a comparative study between porous alpha-TCP and beta-TCP. J Mater Sci Mater Med. 2001;12(1):7–13.

 95. Eliaz N, Metoki N. Calcium phosphate bioceramics: a review of their history, structure, properties, coating 
technologies and biomedical applications. Materials. 2017;10(4):334.

 96. Shu C, Qin C, Chen L, et al. Metal-organic framework functionalized bioceramic scaffolds with antioxidative 
activity for enhanced osteochondral regeneration. Adv Sci. 2023;10(13):2206875.

 97. Yang X, Huang W, Zhan D, et al. Biodegradability and cytocompatibility of 3D-printed Mg-Ti interpenetrating 
phase composites. Front Bioeng Biotechnol. 2022;10:891632.

 98. Ali F, AL Rashid A, Kalva SN, et al. Mg-doped PLA composite as a potential material for tissue engineering—
synthesis, characterization, and additive manufacturing. Materials. 2023;16(19):6506.

 99. Yazdimamaghani M, Razavi M, Vashaee D, et al. Surface modification of biodegradable porous Mg bone scaf-
fold using polycaprolactone/bioactive glass composite. Mater Sci Eng C. 2015;49:436–44.

 100. Xu D, Xu Z, Cheng L, et al. Improvement of the mechanical properties and osteogenic activity of 3D-printed 
polylactic acid porous scaffolds by nano-hydroxyapatite and nano-magnesium oxide. Heliyon. 2022;8(6): 
e09748.

 101. Mitchell AC, Briquez PS, Hubbell JA, et al. Engineering growth factors for regenerative medicine applications. 
Acta Biomater. 2015;30:1.

 102. Lakemond CM, de Jongh HH, Hessing M, et al. Heat denaturation of soy glycinin: influence of pH and ionic 
strength on molecular structure. J Agric Food Chem. 2000;48(6):1991–5.

 103. Bruno MA, Cuello AC. Activity-dependent release of precursor nerve growth factor, conversion to mature 
nerve growth factor, and its degradation by a protease cascade. Proc Natl Acad Sci USA. 2006;103(17):6735–40.

 104. Kanematsu A, Yamamoto S, Ozeki M, et al. Collagenous matrices as release carriers of exogenous growth fac-
tors. Biomaterials. 2004;25(18):4513–20.

 105. Subbiah R, Hwang MP, Van SY, et al. Osteogenic/angiogenic dual growth factor delivery microcapsules for 
regeneration of vascularized bone tissue. Adv Healthcare Mater. 2015;4(13):1982–92.

 106. Lv Z, Hu T, Bian Y, et al. A MgFe-LDH Nanosheet-incorporated smart thermo-responsive hydrogel with control-
lable growth factor releasing capability for bone regeneration. Adv Mater. 2023;35(5): e2206545.

 107. Censi R, di Martino P, Vermonden T, et al. Hydrogels for protein delivery in tissue engineering. J Controll 
Release. 2012;161(2):680–92.

 108. di Luca A, Klein-Gunnewiek M, Vancso JG, et al. Covalent binding of bone morphogenetic protein-2 and trans-
forming growth factor-β3 to 3D plotted scaffolds for osteochondral tissue regeneration. Biotechnol J. 2017. 
https:// doi. org/ 10. 1002/ biot. 20170 0072.

 109. Atienza-Roca P, Kieser DC, Cui X, et al. Visible light mediated PVA-tyramine hydrogels for covalent incorpora-
tion and tailorable release of functional growth factors. Biomater Sci. 2020;8(18):5005–19.

 110. De Witte T-M, Fratila-Apachitei LE, Zadpoor AA, et al. Bone tissue engineering via growth factor delivery: from 
scaffolds to complex matrices. Regen Biomater. 2018;5(4):197–211.

 111. Azizian S, Hadjizadeh A, Niknejad H. Chitosan-gelatin porous scaffold incorporated with Chitosan nanoparti-
cles for growth factor delivery in tissue engineering. Carbohyd Polym. 2018;202:315–22.

 112. Scheiner KC, Maas-Bakker RF, van Steenbergen MJ, et al. Post-loading of proangiogenic growth factors in PLGA 
microspheres. Eur J Pharm Biopharm. 2021;158:1–10.

 113. Liu Z, Xu Z, Wang X, et al. Preparation and biocompatibility of core-shell microspheres for sequential, sus-
tained release of BMP-2 and VEGF. Biomed Res Int. 2022;2022:4072975.

 114. Badeau BA, Comerford MP, Arakawa CK, et al. Engineered modular biomaterial logic gates for environmentally 
triggered therapeutic delivery. Nat Chem. 2018;10(3):251–8.

 115. Rifkinson-Mann S. Cranial surgery in ancient Peru. Neurosurgery. 1988;23(4):411–6.
 116. Blitch EL, Ricotta PJ. Introduction to bone grafting. J Foot Ankle Surg. 1996;35(5):458–62.
 117. Donati D, Zolezzi C, Tomba P, et al. Bone grafting: historical and conceptual review, starting with an old manu-

script by Vittorio Putti. Acta Orthop. 2007;78(1):19–25.

https://doi.org/10.1002/biot.201700072


Page 23 of 23Zhan et al. BioMedical Engineering OnLine           (2025) 24:14  

 118. Laubach M, Hildebrand F, Suresh S, et al. The concept of scaffold-guided bone regeneration for the treatment 
of long bone defects: current clinical application and future perspective. J Funct Biomater. 2023;14(7):341.

 119. Edgington SM. 3–D Biotech: tissue Engineering. Bio/Technology. 1992;10(8):855–60.
 120. Koons GL, Diba M, Mikos AG. Materials design for bone-tissue engineering. Nat Rev Mater. 2020;5(8):584–603.
 121. Kim J, Choi H-S, Kim Y-M, et al. Thermo-responsive nanocomposite bioink with growth-factor holding and its 

application to bone regeneration. Small. 2023;19(9): e2203464.
 122. Tetsworth K, Block S, Glatt V. Putting 3D modelling and 3D printing into practice: virtual surgery and preoperative 

planning to reconstruct complex post-traumatic skeletal deformities and defects. SICOT-J. 2017;3:16.
 123. Faber L, Yau A, Chen Y. Translational biomaterials of four-dimensional bioprinting for tissue regeneration. Biofabri-

cation. 2024;16(1):012001.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


	Advances in growth factor-containing 3D printed scaffolds in orthopedics
	Abstract 
	Introduction
	3D printed scaffolds containing growth factors
	3D printing technology
	Non-biological 3D printing technology
	Biological 3D printing technology

	Growth factors
	BMPs
	FGFs
	PDGF
	VEGF
	Other growth factors


	Material properties
	Metals
	Non-biodegradable metals
	Biodegradable metals

	Polymers
	Natural polymers
	Synthetic polymers

	Bioactive ceramics
	Bioactive glass
	Hydroxyapatite
	Tricalcium phosphate

	Composite materials

	Mechanism and control of growth factor release
	Clinical application
	Challenges and future directions
	Conclusion
	Limitations
	References


