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Abstract

The development of three-dimensional (3D) printing has significantly advanced the field of bone 

tissue engineering by enabling the fabrication of scaffolds that faithfully recapitulate desired 

mechanical properties and architectures. In addition, computer-based manufacturing relying on 

patient-derived medical images permits the fabrication of customized modules in a patient-specific 

manner. In addition to conventional 3D fabrication, progress in materials engineering has led to the 

development of four-dimensional (4D) printing, allowing time-sensitive interventions such as 

programed therapeutics delivery and modulable mechanical features. Therapeutic interventions 

established via multi-dimensional engineering are expected to enhance the development of 

personalized treatment in various fields, including bone tissue regeneration. Here, we summarized 

recent studies utilizing 3D printed systems for bone tissue regeneration and highlight advances in 

4D printed systems. We also discussed challenges and perspectives for the future development of 

multi-dimensional printed systems towards personalized bone regeneration.
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1. Introduction

In spite of bones’ remarkable self-healing capabilities, healing of large-scale bone defects 

remains challenging, especially when medical intervention is absent.[1, 2] In the clinic, the 

gold standard treatments to address such large-scale bone defects include the filling of 

defects with autologous bone parts or allografts. However, donor site morbidity and finite 

bone supply largely limit the efficacy of such treatments.[3] Tissue engineering represents a 

promising alternative to replacing defected or diseased tissues, allowing the recovery of the 

affected bones through engineering materials, cells, and growth factors (GFs).[4, 5]

Scaffolds fabricated as porous three dimensional (3D) biocompatible structures play an 

essential role in bone tissue engineering, as they provide mechanical support for cell seeding 

and a template for neo-tissue regeneration.[6] In addition, biochemical regenerative cues 

such as protein-based biomolecules (e.g., GFs) can also be incorporated.[7] In this regard, 

scaffolds with desirable physical features and biomolecule delivery capabilities would be 

ideal candidates to enhance bone healing.
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Natural bone tissue is comprised of two distinct types of structures: cancellous bone (with 

50% - 90% porosity) and cortical bone (with < 10% porosity).[1] Traditional methods, 

including phase separation, foaming, or particulate leaching, have been used to fabricate 

porous scaffolds[8], but customizing desired porosity gradients that mimic natural bones 

remains a challenge. Bone defects often involve the injury of surrounding cartilage and soft 

tissues in clinic. The regeneration of bone also needs the formation of nerve and vascular 

tissues. However, it is still a challenge to fabricate scaffolds integrated with multiple types of 

cells for osteochondral or vascularized bone regeneration. 3D printing technologies are 

promising to advance the field of personalized and integrated bone tissue engineering.
[1, 3, 9, 10] 3D printing, also known as additive manufacturing, allows the fabrication of 

complex structures using layer-by-layer deposition of materials.[11] For bone tissue 

engineering, multiple additive manufacturing techniques have been utilized, including direct 

extrusion, stereolithography, fused deposition, and selective laser sintering.[3, 12] These 

techniques allow the production of customized shapes based on medical images. They also 

enable the control of physical properties, such as the distribution of porosity, to mimic the 

structures of cancellous and cortical bones. In addition, by utilizing 3D bioprinted constructs 

with multiple cell types and biocompatible matrices, post-implantation bone formation can 

be facilitated by encapsulating cells and bioactive molecules within the matrices.[13]

Besides engineering tissue scaffolds, 3D printing has been applied for drug delivery.[14, 15] 

In August 2015, the first FDA-approved 3D-printed drug formulation 

(Spritam®(levetiracetam)) demonstrated the feasibility of applying 3D printing in drug 

delivery.[15, 16] Spritam® is a fast dissolving tablet formulation fabricated based on powder 

bed-liquid 3D printing technology (ZipDose®) for the treatment of seizures.[17] The 

approval of Spritam® indicates that it is promising to fabricate personalized drug delivery 

systems (DDS) with multiple components to achieve spatially and temporally programable 

drug delivery, which can enhance therapeutic effects and reduce adverse reactions.[15] In the 

early stage of bone regeneration, neovascularization is necessary for the transportation of 

stem cells, nutrition, and oxygen.[18] Co-delivery of osteogenic and angiogenic growth 

factors has been demonstrated as an effective strategy for bone regeneration.[19] Compared 

with simultaneous release of both factors, delayed release of osteogenic growth factors 

mimicked the natural angiogenic-osteogenic process and led to better bone formation.[20] In 

this context, 3D printed systems are very promising in delivering personalized and 

programed drug-releasing scaffolds for bone regeneration. With customizable 3D structures 

and programmable drug release profiles, these engineered scaffolds can significantly 

enhance bone healing efficacy.[21]

To further simulate the dynamic in vivo environment, four-dimensional (4D) printing 

approaches enable the incorporation of ‘time’ into current 3D printing by the use of smart 

materials.[22, 23] Both shape-changing and programmable drug release capabilities of 4D-

printed structures can benefit bone tissue engineering. For instance, considering the bone 

defects comes with different shapes, scaffolds printed with shape-memory materials can be 

reshaped and implanted in a minimally invasive manner. The scaffolds’ shape recovery that 

followed can make them fit the irregular bone defects precisely.[1, 24]
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In this review, we summarized recent progress in 3D printed scaffolds, 3D printed DDS and 

4D printing for enhanced bone tissue regeneration (Figure 1). In addition, challenges and 

opportunities for the future development of multi-dimensional printed medical devices for 

bone regeneration are also discussed.

2. 3D printed scaffolds for bone regeneration.

3D printing methods enable accurate control of scaffold microstructures as well as 

compositions at the microscale, making them powerful tools in the fabrication of medical 

devices.[25] A patient-specific bone-graft substitute can be fabricated with a Computer-

Aided Design (CAD) file and a 3D printer. CAD models based on patients’ X-ray computed 

tomography (X-ray CT) or magnetic resonance imaging (MRI) enable such a personalized 

approach.[26] The commonly used 3D printing techniques for bone tissue engineering 

include 3D plotting/direct ink writing, stereolithography (SLA), selective laser sintering 

(SLS), selective laser melting (SLM), fused deposition modeling (FDM), and inkjet/

extrusion-based bioprinting.[1, 27] Because of the various mechanisms of different 3D 

printing techniques, understanding the impact of different printing materials, and evaluating 

the advantages or disadvantages of each 3D printing process, can guide designers to choose 

an optimal 3D printing technique for bone engineering. Table 1 summarizes the 

representative 3D printing techniques employed for bone regeneration applications, 

including known advantages and drawbacks. Moreover, recent progress in 3D printed 

scaffolds for bone tissue engineering is also summarized in terms of the materials (Table 2).

2.1 Organic scaffolds

2.1.1. Polymer-based scaffolds—Polymers have been widely used for bone 

regeneration.[73] With proper modifications, polymer-based systems can achieve high 

biocompatibility and efficiency in bone regeneration. For example, Kwon and colleagues 

printed poly(ε-caprolactone) (PCL)-blended polyethylene glycol (PEG) to engineer 

scaffolds. The hydrophilicity of PEG enabled the formation of porous structures, which 

facilitated cell proliferation. The scaffold was shown to enhance the survival of the 

osteosarcoma-derived cell line, MG 63 cells. Higher cell density with increased protein 

secretion was observed in PCL/PEG scaffolds, which demonstrated the effectiveness of the 

polymer-based system for osteogenesis.[66]

Conductive polymers have also been widely applied for bone regeneration since electric 

signals are known as positive contributors to osteogenesis.[97] Electric signals, which 

stimulate cell signaling, can be propagated by conductive composites. Biocompatible 

conductive polymers, including polyaniline (PANI), polypyrrole (PPy), and poly(3,4-

ethylenedioxythiophene) (PEDOT), provided new approaches for bone tissue engineering.
[98] Bartolo et al. embedded PANI microparticles inside PCL polymers to enhance the 

electric conductivity of a printed matrix. The addition of PANI also improved the 

mechanical suitability of the scaffolds for bone regeneration. However, if compared with 

natural hydrogel, PANI has slight cytotoxicity, which limited its concentration in the 3D-

printed scaffolds. In the group with 0.1%, 1 %, and 2% (w/w) PANI loaded in PCL, human 

adipose-derived stem cells (hADSCs) exhibited promoted proliferation.[67] PEDOT, known 
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for its processability and biocompatibility among conductive polymers, has also been used 

in bone tissue engineering.[99] For example, Simon and co-workers printed PCL scaffolds 

with a PEDOT coating. They employed vapor-phase polymerization (VPP) to coat PEDOT 

on PCL and added tosylate for polymerization, generating the final product PEDOT:Tos. In 

order to form a continuous PEDOT:Tos coating, polyridine (Pyr) or PEG-PPG-PEG (PPP) 

were added to tune the polymerization process during VPP. To validate the scaffolds in bone 

engineering, the authors directly cultured mesenchymal stem cells (MSCs) on the PCL 

scaffolds with or without PEDOT coating. Good cytocompatibility of both Pyr-PEDOT:Tos 

and PPP-PEDOT:Tos-coated PCL scaffolds for MSCs was shown, suggesting their potential 

use in osteogenesis.[68] Other researchers have reported the use of ice templates to form 

porous poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) scaffolds to 

improve osteogenesis, further advancing polymer-based systems in bone engineering.[69] 

Furthermore, researchers have incorporated PEDOT:PSS with gelatin methacryloyl 

(GelMA) to improve printability and biocompatibility of the conductive material.[70] With 

advances in material optimization, polymer-based conductive systems will contribute more 

to bone engineering.

Hydrogels, which are crosslinked 3D polymeric networks, have also captured a lot of 

attention for bone tissue engineering.[100] They can generate porous structures for 

entrapping cells or proteins.[101] Swellable in an aqueous microenvironment, the crosslinked 

networks of hydrogel have high water contents and tissue-like elastic properties. High water 

content of hydrogels contributes to the incorporation of cells for bone regeneration.[102] 

However, low mechanical strength of hydrogels is a major concern in bone regeneration 

applications. To address this challenge, Kim et al. used silk fibroin (SF), a natural material 

with enhanced strength, as the main component of the hydrogel matrix. The authors also 

employed the decellularized extracellular matrix (dECM) extracted from preosteoblast cells 

(MC3T3-E1). The mixture of dECM and collagen provided bioactive signals to guide cell 

differentiation and maintained certain degrees of viscosity for 3D printing. Compared with 

pure collagen scaffolds, 3D printed collagen/dECM/SF scaffolds promoted the osteogenic 

activity of pre-osteoblast cells by inducing the expression of alkaline phosphatase (ALP), an 

early-stage osteogenesis marker, as well as deposition of calcium ions. Accelerated cell 

proliferation was observed in the matrix containing dECM, collagen, and silk, compared to 

those embedded in pure collagen or collagen with dECM.[65]

3D printing of tough hydrogels is another emerging technique used in bone tissue 

engineering. Hydrogels with high strength have been used for bone regeneration, and various 

printable tough hydrogels have been developed with high fracture toughness to withstand 

physiological mechanical loads.[103] For instance, Cui et al. synthesized a tough polyion 

complex (PIC) hydrogels for 3D printing. Specifically, the authors used direct sol-gel 

transition, an innovative fabrication mechanism to develop a tough hydrogel suitable for 

extrusion-based printing. Within the PIC hydrogel, multiwalled carbon nanotubes 

(MWCNTs) were incorporated to help with the osteogenesis and calcification processes. In 

this study, the researchers leveraged the advantages of 3D printing to form a porous PIC/

MWCNT nanocomposite scaffold. Such scaffolds were validated to facilitate the osteogenic 

differentiation of rat bone marrow MSCs. After implantation in rats, similar results were 

shown for the PIC/MWCNT scaffold, including accelerated bone defect repair and 
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upregulated angiogenesis at the bone healing site.[104] In summary, these biocompatible 

hydrogel-based systems with modified printability and mechanical features showed great 

potential in stem cell delivery for bone regeneration.

2.1.2. bioprinting—With the development of solvent-free printing techniques and 

biocompatible inks, it is now feasible to directly print biomaterials that contain living cells.
[105] By incorporating biomimic components and recapitulating mechanical properties of 

bone, bioprinted scaffolds can restore the functions of defected bone tissues.[106] Fischer and 

co-workers bioprinted collagen-based hydrogels that encapsulated MSCs. Collagen is 

naturally found within bones and is a known trigger for osteogenesis. The addition of 

agarose into collagen contributed to the implant’s mechanical strength, promoting MSCs 

differentiation for bone regeneration. However, the poor printability of agarose limited its 

percentage in the hydrogel matrix. By optimizing the ratio of collagen and agarose, 3D-

printable hydrogels, termed AGx-COLy have been developed, which showed high printing 

resolutions. In vitro studies confirmed better spread and elongation of cells embedded in 

AGx-COLy than those in agarose only. Overall, the as-prepared matrix loaded with MSCs 

demonstrated high potential as a therapeutic delivery vehicle.[71] With different bioinks, 

different parameters need to optimized to screen the optimal formulation for bone tissue 

engineering. For instance, Ouyang et al. utilized complementary network bioninks made 

from a library of polymers (including gelatin, hyaluronic acid, chondroitin sulfate, dextran, 

alginate, chitosan, heparin, and poly(ethylene glycol)) to screen the optimal formulation for 

bone tissue regeneration. The composite GelMA + gelatin bioink demonstrated the most 

efficient osteogenic activity and mineralization on osteogenic sarcoma cell line (Saos-2).[72] 

To enhance the mechanical strength of the bioprinted hydrogel scaffolds, 3D printed 

supporting structures with solid polymers were employed. By using a fiber engraving 

technique, Mikos and colleagues printed engraved PCL scaffolds with grooves on the 

surface, enabling the deposition of low viscosity bioink into this groove without lateral 

spreading. The authors subsequently printed fibroblasts-loaded GelMA hydrogel into the 

groove, further confirming the utility of the scaffold for hard tissue engineering.[73]

2.2 Inorganic Scaffolds

2.2.1. Ceramic scaffolds—The main constituent of bone is calcium phosphate (CaP) 

(up to 70%, w/w)[107], scaffolds based on bioactive CaP ceramics, that mimic the structure, 

component, and mechanical strength of natural bone, have attracted increased interest. 

Bioactive CaP ceramic-based scaffolds have been reported to promote osteogenic induction 

of stem cells in vitro and in vivo.[108] Mechanical strength (particularly compressive 

strength) is an important parameter in osteoconduction, and it can be adjusted by tuning the 

micro/nanostructure or porosity of scaffolds.[109] Porosity of a scaffold alone is also an 

important parameter in osteoconduction. It has been demonstrated that small pore-associated 

hypoxic conditions could induce osteochondral formation before osteogenesis. Large pores 

could promote vascularization, leading directly to osteogenesis (without preceding cartilage 

formation).[110] Therefore, the mechanical strength and porosity of a scaffold should be 

customized for a specific purpose. With the development of 3D printing techniques, ceramic 

scaffolds mimicking the structure, porosity, and mechanical strength of natural bone can be 

fabricated to accelerate bone regeneration. To replicate the microstructure and cellular 
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components of natural bone, Zhang et al. reported an SLA-based 3D printing strategy to 

fabricate Haversian bone–mimicking scaffolds with Haversian canals, Volkmann canals, and 

cancellous bone structure. The capability of delivering human bone mesenchymal stem cells 

(hBMSCs) and human umbilical vein endothelial cells (HUVECs) enabled the Haversian 

bone–mimicking scaffolds to induce osteogenesis, angiogenesis, and neurogenesis in vitro 
and promote the regeneration of blood vessels and bone in vivo (Figure 2).[74] Biphasic CaP 

(BCP)-based scaffolds, containing mixtures of hydroxyapatite (HA) and β-tricalcium 

phosphate (β-TCP), are efficient in stimulating bone regeneration due to the release of 

calcium and phosphate ions, excellent biocompatibility, and osteoconductivity. Zeng et al. 

3D printed a microporous BCP scaffold for bone tissue engineering using an SLS and 

sintering strategy. They also explored the osteogenesis signaling with 3D printed scaffolds. 

The printed microporous BCP scaffolds showed efficient osteogenic induction in vitro with 

an ERK½ signaling-dependent process. The printed microporous BCP scaffolds 

significantly promoted precursor cell homing, accelerating bone regeneration in vivo.[75] To 

promote bone regeneration after surgical removal of a bone tumor, it is desirable to fabricate 

scaffolds with the capability of selectively killing the tumor cells and accelerating the bone 

regeneration. To achieve this goal, Dang and co-workers fabricated a copper coordinated 

tetrakis (4-carboxyphenyl) porphyrin (Cu-TCPP) metal-organic nanosheet-based β-TCP 

scaffold (Cu-TCPP-TCP) using 3D printing techniques. By incorporating Cu ions, the 

scaffold demonstrated improved angiogenesis and osteogenesis effects. Benefiting from the 

photothermal effect of Cu-TCPP nanosheets, printed Cu-TCPP-TCP scaffolds could serve as 

a photothermal therapy device when exposed to near-infrared (NIR) light. The Cu-TCPP-

TCP scaffolds could accelerate bone and blood vessel regeneration by promoting the 

osteogenic and angiogenic differentiation of hBMSCs and HUVECs, respectively.[76] A new 

class of early transition metal carbides/nitrides/carbonitrides, termed as MXene, has 

demonstrated high photothermal conversion efficiency that is promising for photothermal 

therapy.[111] To endow bioactive glass scaffolds with photothermal capabilities, researchers 

3D printed a novel bioactive glass scaffold integrating 2D Ti3C2 MXene nanosheets to 

achieve concurrent anti-cancer photothermal therapy and accelerated bone tissue 

regeneration.[77] It has been proved that the delivery of nitric oxide (NO) can normalize 

tumor vasculature and immune microenvironment for anti-cancer therapy.[112] In the 

meantime, NO plays a key role in bone formation.[113] To enhance the anti-tumor efficacy 

and promote bone regeneration, Yang et al. fabricated a multifunctional system by 

integrating S-nitrosothiol (R-SNO)-grafted mesoporous silica and 2D Nb2C MXene 

nanosheets within 3D-printing bioactive glass scaffolds. After exposure to NIR, this 3D 

printed systems could kill Saos-2 cells (human osteosarcoma cells) by NIR-triggered 

hyperthermia and release of nitric oxide (NO). Moreover, the tunable NO generation and 

bioactive glass scaffolds could accelerate vascularization and bone regeneration.[78] Due to 

the recent progress in 3D printing techniques and material engineering, it is now feasible to 

3D print scaffolds with biomimicing microstructures in high resolution, showing great 

prospects for translational applications.

2.2.2. Metallic scaffolds—Given the critical requirement of mechanical strength for 

bone substitutes, scaffolds consisting of metallic materials were commonly used in the clinic 

to meet the mechanical requirement and serve as functional substitutes for natural bones.
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[114] However, the mismatch of mechanical strengths between metallic grafts and natural 

bones can lead to bone resorption and therapeutic failure.[26] With conventional methods, it 

is difficult to obtain metal scaffolds with personalized external shapes and complex internal 

architecture; thus, innovative methods to develop scaffolds with biomimetic structures and 

mechanical properties are needed. With the rapid development of 3D metal printing, it is 

now feasible to print metallic implants with controllable porosity and modulus that closely 

match native bones, thereby restoring bone function and promoting bone regeneration. 

Titanium, a bioinert material, has been widely used in bone tissue engineering due to its 

excellent immune toleration.[115] Significant efforts have been made to enhance the 

biocompatibility and osteoconductivity of titanium scaffolds.[116] For instance, Song et al. 

demonstrated a series of strategies to modify titanium scaffolds, including electrochemical 

deposition, heat treatment, and alkali treatment.[79, 116] Compared with titanium, tantalum 

has modulus and elasticity closer to bones, which can reduce the complications and failures 

caused by stress-shielding. To fabricate 3D printed tantalum scaffolds for bone regeneration, 

Wang and colleagues reported an SLS-based strategy. Compared with titanium scaffolds 

fabricated using the same method, researchers demonstrated that the 3D printed tantalum 

scaffolds had equivalent biological performances, showing promising applications for bone 

regeneration.[80] The topological structure of 3D printed porous scaffolds can be customized 

and precisely fabricated. Customized topological structure and mechanical property of the 

printed scaffolds could better mimic natural bones, enhancing the osteogenic activity, and 

accelerating bone regeneration.[117] In one example, Dong et al. reported a room 

temperature extrusion-based 3D printing strategy to fabricate topologically ordered porous 

Mg scaffolds as bone-substituting implants. Briefly, after a solvent-cast-based 3D printing 

procedure binder in the ink was removed by debinding and sintering. Then, liquid-phase 

sintering was performed to generate the Mg scaffolds with hierarchical and interconnected 

porous structures.[81] In another work, Li and co-workers presented a strategy to fabricate 

topologically ordered porous iron scaffolds by direct metal printing (DMP). Metal scaffolds 

equipped with interconnected porous structures, as well as bone-mimicking mechanical 

strength and biodegradability, were demonstrated. The topological design based on repetitive 

diamond unit cells promoted biodegradation, making this strategy promising in 3D printing 

of biodegradable metal scaffolds.[82] In summary, porous 3D scaffolds with customized 

topology are promising in bone tissue engineering. However, requirements for high printing 

resolution and limitations of available materials need to be addressed.

Integrating ceramics, hydrogel-based materials, or other bioactive components in 3D-printed 

metal scaffolds is a common strategy to adjust the mechanical strength and promote the 

biocompatibility and osteogenesis of metallic scaffolds. To enhance the biocompatibility and 

osteoconductivity, Yang et al. introduced a 3D printing technique with HA coating to modify 

the macropores and surface structures of 3D printed iron scaffolds. The HA-coated and 3D 

printed iron scaffolds with natural bone strength were shown to promote in vitro viability 

and osteogenic differentiation of BMSCs.[83] With the further integration of hydrogel, the 

researchers demonstrated that it is feasible to load cells in 3D printed metal scaffolds. After 

infiltrating osteoblast-loaded bioactive hydrogel comprising of alginate, gelatin, and HA, 

Kumar et al. built a composited 3D printed Ti-6Al-4V scaffold promising for bone 

regeneration.[84]
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Nanodiamonds have also been employed for modifying surfaces of bone implants.[118] With 

biological inertness and functional groups around the diamond core, such as -COOH, -NH2, 

and -OH, nanodiamond-interfaced 3D printed scaffolds can stimulate the proliferation and 

differentiation of cells.[119] For instance, Rifai and colleagues fabricated a 3D printed 

scaffold with nanodiamond (ND) coating. The coated nanodiamonds facilitated cell 

ingrowth and inhibited colonization of Staphylococcus aureus, paving a way to create 

antifouling 3D printed titanium scaffolds for biomedical implants.[85] Platelet-rich plasma-

based scaffolds have been demonstrated to accelerate bone regeneration in clinical trials.[120] 

To enhance the biological performance of 3D printed titanium scaffold, researchers 

fabricated a composited 3D printed titanium scaffold with autologous platelet-rich plasma 

that could promote the ingrowth and osteogenic differentiation of BMSCs.[86] In summary, 

surface modifications with ceramics, hydrogel-based materials, or other bioactive 

components can endow 3D printed metallic scaffolds with better biocompatibility and 

osteogenic performance.

2.3 Hybrid scaffolds

Bones are composites comprising both inorganic and organic components that are organized 

in complex architectures serving distinct functions.[121] Therefore, hybrid scaffolds/

constructs fabricated from materials with different features could contribute to advanced 

bone tissue engineering. To further mimic the bone composition, various inorganic materials 

have been incorporated to the organic scaffolds given their chemical and mechanical 

similarity to natural bone minerals. For example, synthetic HA, which is similar to the main 

component of calcium phosphate minerals within bones and teeth, has been widely used in 

bone substitutes or implants to enhance mechanical strength and osteoconductivity. By using 

HA, carboxymethyl chitosan (CMCS), and polydopamine (PDA), Chen et al. printed 

degradable HA/CMCS/PDA scaffolds for fixing femoral condyle defects. They 

demonstrated that the printed HA/CMCS/PDA scaffolds could effectively promote new bone 

formation without causing inflammation in the implanted region. Moreover, the printed HA/

CMCS/PDA scaffolds displayed biodegradability that matched the formation of new bones.
[87] In another example, Yang and co-workers reported a 3D printing strategy using a cross-

linkable nanocomposite ink consisted of hydroxyethyl methacrylate (HEMA)-functionalized 

HA nanoparticles (nHAMA) and tri-block poly (lactide-co-propylene glycol-co-lactide) 

dimethacrylate (PmLnDMA). The researchers found that an inorganic-organic co-

crosslinked nanocomposite network with improved mechanical performances could be 

formed by crosslinking PmLnDMA and nHAMA, followed by adding inorganic 

components. The bone grafts printed using this nanocomposite ink showed enhanced 

osteoconductivity both in vitro and in vivo (Figure 3).[88]

In addition to HA, decellularized bone and other bioactive ceramics, such as β-tricalcium 

phosphate (β-TCP) and bioactive glass, have been investigated to optimize the mechanical 

property and osteogenic capability of printed scaffolds. As one of the most commonly used 

calcium phosphate ceramics, β-TCP has excellent osteoconductivity and biocompatibility. In 

comparison to HA, β-TCP has a faster degradation rate that can benefit the formation of new 

bones.[5, 122] In addition, magnesium (Mg), one of the most important components of natural 

bone, can promote mineral calcification deposition[123, 124], cell adhesion, proliferation, and 
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osteogenic differentiation[123, 125]. By using a novel ink comprising β-TCP, Mg powder, and 

poly(lactic-co-glycolic acid) (PLGA), Lai’s group printed porous PLGA/TCP/Mg scaffolds 

to accelerate bone regeneration in steroid-associated osteonecrosis. The researchers found 

that the PLGA/TCP/Mg scaffolds significantly enhanced neo-bone formation, vessel 

ingrowth, and blood perfusion in rabbit steroid-associated osteonecrosis models. The 

enhanced therapeutic efficacy can be ascribed to the bio-mimic structure of scaffolds and the 

release of Mg ion.[89] Bioactive glass is a commonly used biodegradable material in bone 

tissue engineering. It induces the formation of HA-like surface layer after implantation or 

simulated body fluid (SBF) immersion, which can promote the binding of soft tissues with 

hard ones.[126] Du et al. blended SF and mesoporous bioactive glass (MBG) to 3D print a 

biodegradable scaffold with good mechanical properties. The MBG/SF scaffolds 

significantly enhanced the expression of osteogenic COL-1, BSP, OCN, and BMP-2 in vitro. 

After loading with hBMSCs, the MBG/SF scaffolds promoted heterotopic bone formation in 
vivo.[90] In the last decade, scaffolds with tissue-specific extracellular matrix (ECM) have 

drawn increased interest for bone tissue engineering. The incorporated tissue-specific ECM 

can regulate cell behaviors, enhancing the osteogenic activity of 3D printed scaffolds.[127] 

However, hyperacute rejection is a great challenge associated with ECM derived from 

allogeneic or xenogeneic bones. Targeting hyperacute rejection, an adverse effect of porcine 

tissue transplantation in primates caused by α1, 3-galactose, the authors used decellularized 

porcine bone (DCB) from α1, 3-galactosyltransferase-deficient pigs as the natural 

component of the scaffold. They observed that the incorporation of DCB significantly 

strengthened the scaffolds and promoted bone regeneration.[91]

Advanced biofabrication or printing strategies have also been demonstrated to further 

facilitate multimaterial printing and fulfil the advanced requirement in bone tissue 

engineering, such as printing non-planer bone shape, bone-tendon interface engineering, and 

vascularized bone engineering. Hinton et al. showed the printing of complex shapes via 
freeform reversible embedding of suspended hydrogels (named “FRESH”).[92] Using 

thermoreversible gelatin as the support bath, complex non-planar geometry was printed 

within the bath. The authors demonstrated that a human femur bone CT imaging data could 

be processed into machine code and get printed with high fidelity using alignate. Bone 

tissues often interact with other tissue types that have dramatically different mechanical 

features. Using multichannel 3D plotting, Luo et al. printed biphasic organic-inorganic 

scaffolds with calcium phosphate cement (CPC) paste and alginate paste. The bipartite CPC-

alginate/alginate scaffolds were engineered with different mechanical strengths and 

optimized for repairing osteochondral defects. The CPC-alginate portion of bipartite 

scaffolds could induce bone regeneration, and the portion with alginate only could promote 

cartilage regeneration.[93] The mild fabrication conditions allowed the loading of drugs and 

cells. In another work, the investigators used a similar process to printed biphasic organic-

inorganic scaffolds. The scaffolds were made of CPC paste and cell-laden alginate-

methylcellulose blend (alg/mc) bioink. By 3D plotting, tripartite scaffolds with cell-laden 

alg/mc layer, cell-laden CPC-alg/mc layer, and CPC layer, were engineered to promote the 

regeneration of articular cartilage, calcified cartilage, and subchondral bone, respectively.[94] 

Kokkinis et al. utilized a multimaterial direct-ink writing platform for fabricating 

polyurethane acrylate elastomer gradients with elastic modulus ranging three orders of 
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magnitude. The system is applicable for recreating complicated tendon-to-bone insertions 

and human intervertebral disc (IVD).[95] Engineering vascularized bone is another area that 

can be addressed by hybrid scaffolds fabrication. Zhang et al. demonstrated a vascularized 

bone regeneration strategy by 3D printing the scaffolds with hollow-pipe structures and 

bioactive ions via coaxial printing. The hollow pipes could promote the efficient infiltration 

of host blood vessels and the bioactive ions Mg2+, Ca2+, and Si2+ could be released to 

facilitate angiogenesis.[96] Therefore, by integrating advances in materials engineering, 

various 3D printing innovations could be achieved for enhancing the treatment efficacy and 

fulfilling the unmet need in clinical settings.

3. 3D printed drug delivery systems for bone regeneration

Therapeutics, such as GFs, can control and regulate bioactivities of cells, and they have been 

widely employed in bone tissue engineering to promote osteogenesis.[128] By encapsulating 

therapeutics within a matrix or scaffold, they can be protected from degradation and locally 

delivered to defect regions, avoiding systemic delivery-associated adverse effects. With the 

development of 3D printing, it is now possible to fabricate personalized DDS with multiple 

components to achieve personalized drug delivery for enhanced therapeutic efficacy and 

reduced adverse effects. In this part, we summarize recent studies combining DDS and 3D 

printed scaffolds for enhanced bone tissue regeneration. This part has been structured by 

category of materials (Table 3).

3.1 Organic systems

3.1.1. Polymer-based systems—3D-printed hydrogels with specific structures play an 

essential role in controlling spatial feature-dependent cell behaviors.[153] With different 

fabrication processes and chemical modifications, the mechanical properties of hydrogel can 

be adjusted accordingly. Mechanical flexibility is essential for 3D printing, and responsive 

delivery of biomolecules once implanted.[154] In addition, hydrogel is one of the most used 

drug delivery matrixes in bone tissue engineering. The tunable biodegradability and 

mechanical flexibility hydrogels can enable the controlled release of loaded cargos.[155] 

Additionally, with 3D printing, multiple biomolecules in promising to be precisely loaded 

with desired spatial distribution, enabled the programed drug release. For instance, 

researchers directly linked alginate with biomolecules such as bone formation peptide-1 

(BFP-1) by EDC/NHS coupling reaction and printed alginate–BFP-1 hydrogel scaffolds 

with sustained delivery of therapeutic proteins for bone tissue engineering.[129]

However, it is still quite challenging to print large volumes of mechanically strong mono-

component hydrogels. Solid materials, in this condition, can be combined with hydrogel for 

maintaining specific scaffold structures. PCL is an optimal printable alternative because of 

its biodegradability and low melting point.[156] Some previous studies have attempted to 

include dry collagen into 3D printed PCL-tricalcium phosphate scaffolds. The scaffolds 

could be simply dipped in the recombined human bone morphogenetic protein-2 (rhBMP-2) 

solution before application.[130] However, such dipping methods, despite being convenient, 

can result in inconsistent drug loading and unnecessary waste of rhBMP-2. For controllable 

drug loading and release, it is feasible to load drugs in a printable vehicle matrix. For 
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instance, Shim and co-workers proposed a mixture of PCL and PLGA as materials for 

scaffold production. rhBMP-2, encapsulated in the mixture of collagen and gelatin 

hydrogels, was printed into the PCL/PLGA scaffold through a multi-head deposition system. 

Controlled release (up to 28 days) of rhBMP-2 was observed. Faster bone healing was 

achieved in critical-sized rabbit bone defect models and it also avoided burst release-related 

inflammatory responses.[131]

In addition to hydrogel, organic polymers have been used as matrices or meshes to enhance 

the mechanical properties and further improve biological functions. Various 3D printing-

based solid scaffolds approved by FDA or in clinical trials have shown remarkable efficacy 

for bone remodeling[157], among which polylactic acid (PLA), PCL, PLGA, PEG are 

common compositions. In spite of desirable mechanical strength and tunable pore sizes, 

their general hydrophobicity limits cell compatibility and their ability for secondary 

functionalization.[9] In order to further improve the efficacy and reduce the healing time of 

bone repair, delivery of osteoinductive agents from such solid scaffolds is under extensive 

research, and protein-based therapeutics have shown great potential.[158] However, 

challenges remain with compatible loading of GFs within solid polymer matrices, 

maintenance of bioactivity during and after printing, and desired release profiles from the 

scaffolds for bone regeneration.

GF-based therapeutics have shown great efficacy in bone defect repair and bone tissue 

regeneration. In addition, the homogenous loading of these protein therapeutics directly 

within the scaffolds has the advantages of fewer fabrication steps, uniform loading, and 

accurate dosages. However, maintaining bioactivity during and after 3D fabrication remains 

challenging. Various strategies to address this are under investigation, including polymer 

modification, carrier protection, and alternative compatible fabrication methods.[21] For 

instance, Park et al. fabricated scaffolds with PLGA grafted hyaluronic acid (hyaluronic 

acid-PLGA) and BMP-2/PEG complexes by 3D printing. Thermal processing during 

printing can denature the encapsulated GFs. Using PEG, growth factors can be solubilized 

within the organic solvents, and a heated-air-blower/air-knife system can be used to rapidly 

evaporate the solvent while maintaining growth factor activities. The BMP-2 can be released 

from the porous scaffolds to enhance bone regeneration in calvarial bone defects of rats 

model (Figure 4).[132] Tarafder et al. fabricated an embedded system containing GF-loaded 

PLGA microspheres and PCL fibers. PLGA microsphere can help protect the encapsulated 

therapeutics during the fabrication process and extend their stability in the scaffold. 

Connective tissue growth factor (CTGF) and transforming growth-factor β (TGF-β) were 

loaded into such microspheres and showed enhanced healing efficacy in defected 

temporomandibular joint (TMJ) discs of the rabbit.[133]

Compared with thermal curing, UV curing of photopolymer is generally more compatible 

with loading GFs for scaffold fabrication and can avoid heat-induced denaturation of 

proteins. Lee. et al. used micro stereolithography to generate 3D poly (propylene fumarate) 

(PPF)/diethyl fumarate (DEF)-based scaffold incorporating BMP-2 loaded PLGA 

microspheres. PPF/DEF photopolymer can be 3D fabricated with high resolution and 

desired porous structure via UV curing, generating the mechanical properties beneficial for 

bone defect repair. Uniform suspension of BMP-2 loaded PLGA microspheres within 
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scaffolds allowed the release for up to 28 days, significantly enhancing the bone healing 

process.[134] Extrusion-based 3D manufacturing causes less disruption to the bioactivity of 

the GFs. Caetano et al. used composite ink PCL/graphene for extrusion-based additive 

fabrication, which allowed the direct loading of bioactive agents within the solid scaffolds. 

Graphene can not only enhance the mechanical strength of the scaffolds but also load P1-

latex protein for osteogenic differentiation.[135]

Another commonly used strategy in functionalizing solid scaffold is a surface coating, which 

can be compatible with more 3D fabrication methods.[159] Chen et al. developed a 

poly(dopamine) coating strategy for functionalizing 3D-printed polymer scaffolds to 

immobilize BMP-2 onto PLGA porous scaffolds. The biomimetic poly(dopamine) coating 

strategy prevented the denaturation of bioactive proteins during fabrication. Ponericin G1, an 

antimicrobial peptide, was added to prevent microbial infections.[136] Similarly, Kim et al. 

generated PCL/PLGA scaffolds that were subsequently modified with heparin-dopamine 

(Hep-DOPA). Heparin is capable of binding to various GFs for controlled release via 
electrostatic interactions, while dopamine was used to coat the surface of the scaffolds. By 

further coating the scaffold with BMP-2 sustained release of BMP-2 increased ALP activity 

and calcium deposition in vitro, enhancing bone regeneration in vivo.[137] However, 

compared with direct printing, it is difficult for customizing drug loading and programming 

drug release via surface coating.

3.1.2 Bioprinting—Hydrogels have been extensively used in 3D bioprinting for their 

biodegradability, biocompatibility, and tissue-mimicking properties. It’s a promising strategy 

to load therapeutics by 3D printing. One commonly used hydrogel scaffold is alginate. 

When crosslinked with calcium ions, reversible bridges form within alginate, allowing the 

release of the encapsulated biomolecules.[160] However, for protein delivery, the problem of 

weak interaction between alginate and proteins needs to be solved.[161] To address this, 

Alblas et al. utilized gelatin microparticles (GMPs) in their alginate scaffolds. The 

researchers encapsulated BMP-2 into GMPs, dispersing them homogeneously in alginate 

that was later used for 3D bioprinting. It was reported that, compared with direct 

administration, alginate-mediated sustained release of BMP-2 promoted better bone 

formation. The researchers observed osteogenic differentiation and proliferation both in 
vitro and in vivo when employing their 3D fabricated alginate scaffolds.[138] To promote the 

interaction between alginate and protein for sustained protein delivery, chemical 

modification of alginate was also reported. Jisun and co-workers covalently modified 

alginate with sulfate. Structurally similar to heparin, alginate-sulfate showed an enhanced 

affinity with GFs known to contain a heparin-binding domain, such as BMP-2. In their 

research, the negatively charged sulfite ions showed electrostatic interactions with positively 

charged BMP-2. While preparing bioinks with various percentages of alginate and alginate-

sulfate, the researchers identified the optimal ratio for loading osteoblasts and BMP-2. 

Compared with pure alginate, the mixed bioink-based scaffolds worked better in inducing 

bone tissue regeneration.[139] Similar to alginate, gelatin, and collagen, GelMA and 

methacrylated hyaluronic acid (MeHA) are regarded as applicable hydrogels for bone tissue 

printing, which can also be coupled with solid polymers. For instance, researchers employed 

BMP-2-loaded MeHA to bioprint the structure of a solid human lumbar vertebra. The 
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hyaluronic acid gels were modified with high rigidity, and the authors demonstrated that 

these biomimicking porous scaffold structures were promising in stimulating bone 

regeneration.[140]

3.2 Inorganic systems

In order to better recapitulate native structures, components, and mechanical properties of 

natural bones, 3D printed inorganic scaffolds have been extensively investigated. 3D printed 

scaffolds with a combined GF delivery system can compensate for the disadvantages of 

inorganic scaffolds and improve regeneration in bone defects. However, unlike organic 

candidates, elevated temperature and post-processing are always required during the 3D 

fabrication of inorganic scaffolds, making parallel printing of inorganic materials and drug 

delivery matrices a challenge. To address this issue, GF delivery matrices have been coated 

onto or infiltrated into the porous structure of inorganic scaffolds. Wang et al. printed a 

porous HA scaffold using micro-syringe extrusion, followed by a series of sintering 

procedures. Chitosan microspheres encapsulating BMP-2 were loaded onto the porous 

scaffolds through collagen coating. The developed system showed sustained release of 

BMP-2 and effectively promoted osteogenic differentiation and bone formation both in vitro 
and in vivo (Figure 5).[141] In another work, Li et al. fabricated a 3D-printed scaffold 

consisting of CaP cement and mesoporous silica. Drug loading was achieved by infiltrating 

the BMP-2 solution into the scaffold. Silica released from this system promoted the 

ingrowth of vascular tissue at the early stage, and the prolonged BMP-2 release significantly 

stimulated bone regeneration in vitro and in vivo.[142] To overcome the limitations of high-

temperature sintering processes, such as unexpected crystallization, unstable shrinkage-

induced cracking, and inactivation of loaded drugs, low-temperature fabrication of 3D 

printed ceramic systems has been investigated.[12] For example, Raja et al. reported a low-

temperature strategy to fabricate calcium-deficient hydroxyapatite (CDHA) scaffolds using 

α-TCP pastes and hydroxyl propyl methyl cellulose (HPMC). After printing, the dried 

scaffolds were subject to a hydrolysis reaction, transferring α-TCP to CDHA in phosphate 

buffer saline (PBS) at 37 °C. The process takes place at physiological conditions, and 

therefore temperature-sensitive drugs can be loaded with α-TCP pastes and printed in the 

personalized scaffolds.[143] In another work, Lode et al. reported a 3D plotting strategy to 

fabricate pasty calcium phosphate cement (P-CPC) scaffolds in a mild condition. After 3D 

plotting, the scaffolds were hardened in water for 4 days instead of sintering, making it 

applicable for temperature-sensitive drugs.[144]

Titanium and its alloys are widely used as hard tissue replacements due to their 

biocompatibility and minimal foreign body response.[6, 162] Incorporating therapeutics is a 

widely used strategy to enhance the biological performance of titanium scaffolds. Stok et al. 

3D-printed a titanium scaffold with 120 μm thick titanium struts and 240 to 730 μm pores 

using the SLM technique. BMP-2 and fibroblast growth factor-2 (FGF-2) solubilized with 

gelatin were filled into the rat model with critical femoral bone defect.[145] Teng et al. 

fabricated a Ti6Al4V plate with pore size of 600 μm. After micro-arc oxidation and CaP 

modification, BMP-2 was coated onto the surface of the scaffold. In a rabbit model of 

critical-sized parietal bone defect, sustained release of BMP-2 was observed with the ability 

to significantly promote bone regeneration.[146]
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In summary, it is still a challenge to print metallic materials with a protein-loaded matrix due 

to the inactivation of drugs during the process. However, drug loading strategies via coating 

and infiltration are not suitable for a spatiotemporally specific release of drugs. To address 

this, the development of 3D printing techniques in mild conditions is needed.

3.3 Hybrid systems

Bone has a complex composite structure consisting of organic matrices (mostly type I 

collagen) and structured minerals (mostly CaP).[12] CaP ceramics resemble native teeth and 

bone bio-minerals, and they have good biodegradability, biocompatibility, and 

osteoconductivity.[163] To mimic the natural components of bone and enhance bone 

formation, CaP-based systems have been broadly applied in 3D-printed polymer-based 

scaffolds. Moreover, by engineering composited scaffolds with drug-loaded components via 
printing, bone regeneration can be further accelerated. For instance, Castro et al. set up a 

table-top SL printer and fabricated a 3D printed TGF-β1 delivery system for osteochondral 

regeneration. The composite ink was composed of PEG:PEGDA, nanocrystalline 

hydroxyapatite (nHA), and core-shell PLGA nanosphere loaded with TGF-β1. The nHA and 

prolonged TGF-β1 release from the microspheres promoted the proliferation and 

osteochondral differentiation of BMSCs.[147] Another work by Shim et al. reported that the 

3D printed PCL/PLGA/β-TCP membrane scaffolds showed sustained release of rhBMP-2 to 

improve bone regeneration. Using a multi-head deposition system, PCL/PLGA/β-TCP 

mixtures were printed in a layer-by-layer manner, and the spaces between printed fibers 

were filled with collagen/rhBMP-2. This 3D printed BMP-2 delivery scaffold achieved 

sustained delivery of GF and excellent bone regeneration in a rabbit model with bilateral 

full-thickness calvarial defects.[148]

With multichannel printing/plotting strategy, biphasic inorganic-organic systems fabricated 

in mild conditions have also been applied in protein delivery. For instance, Ahlfeld et al. 

plotted biphasic scaffolds with CPC and alginate-gellan gum (AlgGG) pastes in a mild 

condition for loading a growth factor. After a layer-by-layer 3D plotting process, VEGF-

laden scaffolds were incubated in CaCl2 solution (1M, 10 min) for hydrogel crosslinking. 

The crosslinked scaffold was then incubated in a water-saturated atmosphere (37 °C, 3 days) 

for cement setting. The plotted scaffolds exhibited a desired VEGF release profile for bone 

regeneration.[149] The researchers further investigated the biological activities of VEGF-

laden CPC-AlgGG scaffolds. The CPC-AlgGG scaffolds could induce the osteogenic 

differentiation of MSCs, and the released VEGF could stimulate endothelial cell 

proliferation. With implantation into the defected region of rat femur diaphysis, VEGF-laden 

CPC-AlgGG scaffolds could effectively promote bone regeneration.[150]

Since gold can be easily modified with proteins, there has been great interest in engineering 

gold for protein delivery.[164] Heo et al. utilized biodegradable thermoplastic PLA to 

produce reinforced microstructures by FDM. The woven microstructures enhanced the 

structural integrity of composite cell-laden hydrogels. Arginine-glycine-aspartate (RGD) 

peptide-conjugated gold nanoparticles were embedded within GelMA hydrogel and 

functioned as an osteoinductive agent by guiding adipose-derived stem cells (ADSCs) for 

bone remodeling.[151]
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3D printing can also help to construct specific architectures for various processes that occur 

during bone regeneration. Vascularization, for instance, plays a central role in bone healing, 

and it can be stimulated with certain 3D fabricated structures.[165] Biomolecules in 

hydrogels with different concentrations and properties show various release rates, allowing 

sequential drug delivery. Aiming to release vascular endothelial growth factor (VEGF) prior 

to BMP-2 release, researchers loaded VEGF in 10% alginate/gelatin mixture while BMP-2 

in 2% collagen. To induce DPSCs to form bones outside vessels, they printed VEGF at the 

center, setting up a hypoxic microenvironment for angiogenesis. Induced neovascularization 

emerged with precise spatial and temporal regulation.[152] Another work by Byambaa and 

colleagues used different methacryloyl substitutions to gelatin and obtained GelMA with 

different biodegradability to print scaffolds. The inner part, consisting of GelMA with a 

lower degree of methacryloyl modification, degrades more rapidly, allowing for the 

formation of channels that can participate in vessel remodeling. For the outer part of the 

scaffold, the authors incorporated osteogenic GelMA ink with VEGF as well as silicate 

nanoplatelets. By encapsulating cells in pre-gel with different concentrations of VEGF, 

researchers managed to bioprinting hydrogel cylinder rods into a pyramidal structure with 

gradient VEGF concentration to realize bone constructs with vasculature-mimicking 

structure (Figure 6).[64] In brief, 3D printing enables customization of multiple bone 

microstructures with specific cell and drug loadings. For future development, optimizations 

on 3D printing techniques and materials are still needed to improve the resolution.

4. 4D printing systems for bone regeneration

3D printing has been widely applied to various biomedical fields, including bone tissue 

engineering. The integration of a ‘time’ dimension with 3D printing has been demonstrated 

as a new concept as ‘4D printing’. 4D printed modules are expected to change shape or 

functionalities over time or in response to external stimuli. The in vivo microenvironment 

and the regenerative process are dynamic in nature, so the desired functionality of printed 

scaffolds or DDS should better vary accordingly. Morrison et al. fabricated PCL-based 

scaffolds to treat infants with tracheobronchomalacia.[166] Their printed structures were 

initially customized as patient-specific scaffolds for patients under 1 year of age. Over the 

next three years, the scaffolds can adapt to the growth of the airways with both their shape 

and material composition changing over time. The authors referred to this property as “4D 

biomaterials”, showing that 4D printing has the potential to boost the development of next-

generation scaffolds and DDS [23, 167]. Combined with the advantages of high spatial 

resolution of 3D printing, 4D printing could allow therapies to be used in both space- and 

time-dependent manners. Here, we summarized studies pertaining to the development of 4D 

printed systems that could be used in bone tissue regeneration.

Common features to pursue in 4D printing include change of scaffold morphology in 

response to external stimuli. Bone defects are generally irregular in shape, 4D printing can 

engineer shape-shifting scaffolds to fit irregular bone defects. Wang et al. reported a shape 

memory bone scaffold based on β-tricalcium phosphate/poly(lactic acid-co-trimethylene 

carbonate) (TCP/P(DLLA-TMC)), which was further modified with osteogenic peptide and 

black phosphorous nanosheets.[168] The black phosphorous nanosheets provided 

photothermal-responsive features, enabling the scaffolds to undergo shape reconfiguration. 
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The mechanical strength of the scaffolds was also changed after printing and NIR 

irradiation, making it more similar to native human cancellous bone. In vivo integration of 

such a scaffold to rat cranial bone defects improved new bone formation. Differential 

swelling of materials is another strategy commonly used to address changes in defect 

morphology. One early work by Gladman et al. developed a plant cell-inspired bioink 

composed of stiff cellulose fibrils and acrylamide matrices.[169] The printing process 

facilitated the unidirectional alignment of cellulose fibrils, leading to longitudinal elongation 

during the swelling process. Structures with complex curvatures could be filled and fitted 

after swelling of the materials. These approaches have also been used to generate curved 

trachea implants for cartilage regeneration. Kim et al. designed a photo-cross-linkable silk 

fibroin (Sil-MA) hydrogel to 4D print trachea mimetic implants. Digital light processing 

(DLP) was used as a biocompatible printing platform to crosslink the cell-embedded Sil-MA 

hydrogel in a layer-by-layer manner. By tuning the concentrations of Sil-MA and shapes of 

different layers, controllable swelling and the resulting shape morphing could be enabled. 

Different types of cells were further incorporated into separate layers of the hydrogel with 

mucosa cells in the base layer and chondrocytes in the patterned layer. After implantation 

into the host trachea in vivo, both epithelium and cartilage were formed at predicted 

locations.[170] Since most structures in nature are composed of materials with distinct 

properties, such as tendon-to-bone[171], Kuang et al. demonstrated a 4D printed module with 

both variable stiffness and morphology-shifting capability (Figure 7).[172] The authors 

developed a curable ink with tunable mechanical properties dependent on the degrees of 

crosslinking, which could be controlled by adjusting the light intensity of greyscale light 

patterns. The design of light patterns allowed the printing of shape-customizable modules, 

and the authors demonstrated the printing of artificial limbs with soft muscles around stiff 

bone. Since the printed materials have tunable glass transition temperatures, processings of 

heating and cooling could generate a number of curved morphologies.

Apart from the features of tuning shape or mechanical strength, 4D printing could also 

achieve the on-demand release of bioactive molecules upon exposure to specific stimuli. In 

drug delivery, responsive DDSs are attracting an increasing interest due to their capability to 

control drug release profiles according to the surrounding environment or pathological 

stages.[173] Specific biological signals, abnormal pathological factors, and external stimuli 

can all be used for “smart” scaffold design.[174] Similarly, 4D printed drug delivery devices 

can integrate stimuli-dependent responses into the systems to control drug release.[175] 

Gupta et al. reported a 3D printed stimuli-responsive capsule with a core/shell structure that 

can achieve programmable release of drugs from hydrogel matrices (Figure 8).[176] The 

cores of the capsules were comprised of polyvinyl alcohol (PVA), ethylene glycol, and 

bioactive molecules, while the shells were composed of PLGA and plasmonic gold nanorods 

(AuNRs). AuNRs could selectively rupture the capsule when irradiated with a specific laser 

(determined by the size of AuNRs). Within the hydrogel matrices, these 3D printed capsules 

could be spatiotemporally “activated” for irradiation-dependent drug delivery.

5. Conclusion and perspective

3D-printed scaffolds have significantly progressed in tissue engineering, becoming a 

platform with customizable structural design and tunable mechanical properties. 3D printing 
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will play a significant role in the future of bone-graft implants with its ability to accurately 

control scaffold structure and composition at the microscale. It enables the production of 

personalized bone grafts. To enhance bone regeneration efficacy, current strategies in 

combining drug delivery matrices with tissue scaffolds require either a protein-protecting 

carrier or protein friendly printing techniques. It has been shown that enhanced bone 

regeneration efficacy can be observed both in vitro and in vivo when bioactive molecules are 

incorporated within 3D printed scaffolds with sustained or programmed release profiles. 

Moreover, by integrating cells within biological inks, it is possible to bioprint personalized 

implants with biomimic components and micro-structures to restore the structure and 

function of defected bone. These biomimic constructs with biological activities show great 

promise for clinical application in the future.

Challenges still exist in the development of these 3D printed implants in bone tissue 

engineering. Natural bone is composed of complex microstructures, and advances in 3D 

printing techniques and biomaterials are required to achieve higher printing resolution to 

promote their use in clinical settings. Previous studies have proven that mechanical loads can 

influence bone formation and the remolding of defects.[177] Ideally, mechanical properties of 

implants should match the niche so that loads can be transmitted through the graft, avoiding 

secondary fractures.[178] Unfortunately, hydrogel-based materials are still far from meeting 

these requirements, even though various strategies have been developed to enhance their 

mechanical properties. Metal- and ceramic-based materials have strong mechanical 

properties; however, the elevated temperature is usually needed in post-processing of 3D 

printed parts. During sintering and solidification, the heterogeneous internal microstructures 

and non-uniform shrinkage may cause cracking, damaging the scaffolds. Moreover, the 

elevated temperature is not compatible with protein-based therapeutics. The bioactivity of 

proteins can be completely lost after the processing. Even though drug loading can be 

achieved by infiltration and coating, it remains challenging to precisely control drug dosage 

and release profiles with infiltration and coating-based methods. In this context, to achieve 

programmable drug loading and release, new direct printing strategies with optimized 

materials under mild fabrication conditions should be further explored. For bioprinting, there 

are still some challenges to overcome for facilitating clinical translation. For instance, higher 

resolutions and faster printing rates are needed to fabricate implants with anatomical sizes. 

In addition, the mechanical property of bioprinted constructs should match natural bone 

tissues. However, stabilization of hydrogel with higher polymer concentration or longer 

crosslinking time may have negative effects on injectability and cell viability. Moreover, the 

cells need to be easily available, easy to culture, and nonimmunogenic.

In general, demand for the application of 3D printing techniques in bone tissue engineering 

will surge in the coming years in light of their ability to customize medical devices in both 

defect-specific and patient-specific manners.[179] To meet these demands, process-property 

optimization and manufacturing cost control need to be further addressed to realize real-

world clinical applications.

Qu et al. Page 19

Adv Healthc Mater. Author manuscript; available in PMC 2022 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Acknowledgement

M.Q., C.W., and X.Z. contributed equally to this work. This work has been supported by the National Institutes of 
Health fund to A.K. (AR057837, EB021857, AR073135).

Biography

Moyuan Qu is a postdoctoral scholar in the Affiliated Stomatology Hospital, Zhejiang 

University School of Medicine. Before that, he was a visiting graduate researcher working 

with Prof. Ali Khademhosseini in the Center for Minimally Invasive Therapeutics at 

University of California-Los Angeles (UCLA). His research interests focus on scaffolds and 

drug delivery systems for regenerative medicine applications.

Wujin Sun is a Terasaki Fellow at the Terasaki Institute for Biomedical Innovation. He did 

his postdoctoral training at UCLA with Dr. Ali Khademhosseini. He completed his Ph.D. 

studies in the Joint Department of Biomedical Engineering at the University of North 

Carolina at Chapel Hill, and North Carolina State University. He is interested in integrating 

biomaterial engineering and cell engineering for healthcare applications.

Ali Khademhosseini is the Paul I. Terasaki Distinguished Professor and Director of the 

Terasaki Institute for Biomedical Innovation. From 2017 to 2020, he was the Levi Knight 

Professor of Bioengineering, Chemical Engineering and Radiology, and Founding Director 

of the Center for Minimally Invasive Therapeutics at UCLA. Before that, he was a professor 

of Medicine at Harvard Medical School. He is recognized as a leader in combining 

microengineering and nanoengineering approaches with advanced biomaterials for 

regenerative medicine applications.

In the past decade, development of multi-dimensional printing has significantly advanced the 

field of bone tissue engineering by fabricating scaffolds with biomimetic mechanical 

properties, architectures and programable drug release profiles. This review focuses on 

Qu et al. Page 20

Adv Healthc Mater. Author manuscript; available in PMC 2022 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript
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Figure 1. 
Schematic illustration of multi-dimensional printed scaffolds and DDS for bone tissue 

engineering. 3D printing techniques enable control of scaffold microstructures as well as 

composition. With 3D printing, it is possible to fabricate personalized DDS with multiple 

components and achieve personalized and programed drug delivery. In addition to 

customized structures and compositions, 4D printed scaffolds and DDS are expected to 

sense signals within the physiological environment and change functionalities 

correspondingly, resulting in auto-adjusted structures or drug release profiles.
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Figure 2. 
A. Schematic illustration and SEM images of 3D printed Haversian bone–mimicking 

scaffolds with Ca2MgSi2O7 bioceramic, 45S5 bioactive glass and photosensitive resin. 

Thsese scaffolds were integrated with Haversian canals, Volkmann canals and cancellous 

bone structures. hBMSCs were seeded in cancellous bone mimic structures and HUVECs 

were seeded on Haversian canals. B-F. Optical microscope images of 3D printed Haversian 

bone–mimicking scaffolds with various diameters and numbers of Haversian canals (red 

arrows). Scale bars: 1 mm. a-e. Micro-CT images exhibited the connection between 

Volkmann canals (blue arrows) and Haversian canals in the interior of scaffolds. Scale bars, 

1 mm. G-J. SEM images displayed the surface microstructure of the scaffolds. Scale bar: 

400 μm. K. Well-sintered surface of 3D printed Haversian bone–mimicking scaffolds. Scale 

bar: 6 μm. Reproduced with permission.[74] Copyright 2020, AAAS.
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Figure 3. 
3D printed scaffolds consisting of tri-block poly (lactide-co-propylene glycol-co-lactide) 

dimethacrylate (PmLnDMA) and hydroxyethyl methacrylate (HEMA)-functionalized 

hydroxyapatite nanoparticles (nHAMA). A. Schematic illustration of material synthesis. B. 

Schematic illustration of 3D printing process. The PmLnDMA-nHAMA co-crosslinked 

network improved the interfacial interaction and further enhanced the mechanical strength of 

scaffolds. C. Images of printed scaffolds with multiple 3D shapes printed with P7L2DMA/

50%nHAMA composited ink. Reproduced with permission.[88] Copyright 2020, Elsevier.
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Figure 4. 
3D printed tissue engineering scaffold with hyaluronic acid-PLGA encapsulating 

BMP-2/PEG complex. A. Schematic illustrations and photographs of the preparation of 

feeding solution and instruments for 3D printing of scaffolds using a multihead deposition 

system. B. Photographs and SEM images of 3D printed hyaluronic acid-PLGA/PEG/BMP-2 

scaffold and BMP-2/PEG complexes within the fiber. C. μCT images of regenerated bones 

in calvarial bone defect model. (From top to bottom: control, hyaluronic acid-PLGA 

scaffold, and hyaluronic acid-PLGA/PEG/BMP-2 scaffold respectively). Reproduced with 

permission.[132] Copyright 2011, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 5. 
The 3D printed porous HA scaffold coated with BMP-2 loaded chitosan microspheres used 

for bone regeneration. A. Design, photograph and SEM images of 3D printed porous HA 

scaffold, collagen coated scaffold (HC) and collagen coated scaffold with BMP-2 loaded 

chitosan microspheres (HCC); B. in vitro release profile of BMP-2 from HCC; C. μCT 

images of ectopic bone formation with HCC after implantations for 4 week and 8 weeks. 

Reproduced with permission.[141] Copyright 2016, Elsevier.
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Figure 6. 
3D bioprinting of bone mimetic 3D architecture with osteogenic and vasculogenic gradients. 

A. Schematic illustration of natural bone structure; B. Schematic illustration of 3D 

architecture with concentration gradients of VEGF. Central channel able to quickly degrade 

and favor the growth of HUVECs. C. Cross-section image of the printed hydrogel. D. Cross-

section image of the printed gradual hydrogel with gradual concentrations of fluorochrome 

(Texas Red). Reproduced with permission.[64] Copyright 2017, WILEY-VCH Verlag GmbH 

& Co. KGaA, Weinheim.
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Figure 7. 
A. Schematics of two-stage light and heating curing process of the g-DLP printing via 
graded material using hybrid ink. B. g-DLP printing via a discrete gradient and continuous 

gradient greyscale patterns and corresponding strain simulations. Scale bars, 5 mm. C. g-

DLP printing of an artificial limb structure with stiff bone (G0) surrounded by soft muscle 

(G85). Scale bars, 1 cm. D. Design of a composite shape-shifting film by distributing fibers 

(G50) within the film (G85). E. Pictures of the printed shape-shifting film before and after 

the strain applications at room temperature. Scale bars, 1 cm. Reproduced with permission.
[172] Copyright 2019, AAAS.
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Figure 8. 
3D printed responsive capsule with core/shell structures which can achieve programmable 

release of multiple drugs within a hydrogel matrix. A. Schematic illustration of the 

fabrication and rupturing of the responsive capsules, using laser. B. Optical micrographs of 

arrays with 3D printed capsules with different loading volume, distribution or multiple drug 

compositions; C. 3D printed hydrogel matrix with responsive capsules composed of multiple 

drugs allowing controlled capsule distributions. I-IV: Programed rupturing of the PLGA 

shell with plasmonic gold nanorods (AuNRs). (I: before laser rupture; II, III, IV: 15 min, 1 h, 

and 2 h after laser rupture) Reproduced with permission.[176] Copyright 2015, American 

Chemical Society.
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Table 1.

3D printing techniques for bone implants fabrication.

3D printing 
techniques

Process Materials Advantages Drawbacks

3D plotting/direct 
ink writing

The extrusion of injectable 
inks based on the 
predesigned shapes and 
structures

● PCL[28]

● PCL/HA[29]

● CaP cement[30]

● Alginate[31]

● Alginate/Nano HA[32]

● Collagen[33]

● Bioceramic[34]

● Chitosan[35]

● Bioactive glass/
alginate[36]

● Mild conditions 
benefit the loading of 
biomolecules and 
cells

● A sintering process is 
needed for some materials
● Low fabrication 
accuracy

Stereolithography 
(SLA)

After exposure to focused 
light based on predesigned 
structure, polymer 
solidifies at focal points 
while polymer without 
exposure remains liquid.

● PTMC/nano HA[37]

● PPF [38]

● PEG[39]

● HA/BCP/polyfunctional 
acrylic resins[40]

● Bioactive glass/rigid 
resin/1,6-hexanediol 
diacrylate[41]

● Mild conditions 
benefit the loading of 
biomolecules and 
cells
● High fabrication 
accuracy
● Can obtain 
complex internal 
structures

● Photopolymer is 
needed
● Defective 
biodegradation rates and 
biocompatibility

Selective laser 
sintering (SLS)

A high-powered laser is 
used to sinter powder, 
thereby binding the 
material together to create 
a solid structure

● PCL[42]

● CaP/PHBV[43]

● PCL/HA[44]

● Bioactive glass[45]

● PVA[46]

● Needs no 
support structures
● Fast

● Elevated temperatures
● The resolution 
depends on the diameter of 
the laser beam

Selective laser 
melting (SLM)

A high-powered laser is 
used to melt metal powder, 
then the scaffolds with the 
desired structure could be 
obtained after cooling

● Pure titanium[47]

● Magnesium[48]

● TiAl6V4
[49]

● Large range of 
metals available

● Elevated temperatures
● The resolution 
depends on the diameter of 
the laser beam

Fused deposition 
modeling (FDM)

The extrusion of heated 
polymer or ceramic with 
heated polymer binder and 
hardening post-printing to 
form a solid construct

● CaP/PLA[50]

● PCL/HA[51]

● PVA/β-TCP[52]

● PLA[53]

● PLA/HA[54]

● Needs no 
support structure

● Elevated temperatures
● Low fabrication 
accuracy

Powder printing Jetting liquid binders onto 
powder bed to form each 
layer of desired construct. 
After fresh powders added, 
the process repeated layer 
by layer.

● BCP/phosphoric acid[55]

● TCP/alginate/phosphoric 
acid[56]

● CaP/collagen/phosphoric 
acid[57]

● Large range of 
materials available

● Low fabrication 
accuracy
● Post-treatments (for 
example depowdering and 
sintering) are needed

Inkjet based 
bioprinting

The ejection of bioinks 
from print head nozzle onto 
substrates with thermal or 
piezoelectric forces

● PEGDMA[58]

● PEGDMA/GelMA[59]
● Inexpensive
● Compatible with 
low-viscosity 
biomaterials

● Low fabrication 
accuracy
● Reduction of cell 
viability because of the 
eject force

Extrusion-based 
bioprinting

After extruded under 
computer control, bioinks 
composed of cells and 
biomolecules were 
crosslinked to form desired 
structures

● PEG[60]

● Alginate[61]

● Alginate/PVA/HA[62]

● Gelatin/Alginate[63]

● GelMA[64]

● Mild conditions 
benefit the loading of 
biomolecules and 
cells

● Low mechanical 
properties
● Low fabrication 
accuracy
● Restriction of 
materials

PCL: poly(ε-caprolactone), HA: hydroxyapatite, CaP: calcium phosphate, PTMC: Poly(trimethylene carbonate), PPF: Poly(propylene fumarate), 
PEG: polyethylene glycol, BCP: biphasic calcium phosphate, PVA: polyvinyl alcohol, PLA: polylactic acid, β-TCP: β-tricalcium phosphate, 
PEGDMA: poly(ethylene) glycol methacrylate, GelMA: gelatin methacrylate
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Table 2.

Summary of 3D printed scaffolds for bone regeneration covered in this review.

Category Sub-category Materials Biology evaluation Reference

Organic 
scaffolds

Polymer-based 
scaffolds

Collagen/dECM/silk 
fibroin

In vitro: cell viability, proliferation and osteogenic activities 
of MC3T3-E1 cells

[65]

PCL/PEG In vitro: viability and osteogenic activities of MG63 cells [66]

PCL/PANI microparticles In vitro: viability and proliferation of hADSCs [67]

PCL/PEDOT In vitro: proliferation of MSCs [68]

PEDOT:PSS In vitro: osteogenic activities of MC3T3-E1 cells [69]

PEDOT:PSS/GelMA In vitro: viability of C2C12s cells
In vivo: biodegradation and biocompatibility in rat

[70]

Bioprinting

Agarose/collagen In vitro: osteogenic differentiation of MSCs [71]

Gelatin/hyaluronic acid/
chondroitin sulfate/
dextran/alginate/chitosan/
heparin/PEG

In vitro: osteogenic activity of osteogenic sarcoma cell line 
(Saos-2) 

[72]

PCL/GelMA/PLGA 
microparticles In vitro: viability of fibroblasts [73]

Inorganic 
scaffolds

Ceramics

Ca2MgSi2O7 bioceramic/
45S5 bioactive glass/
photosensitive resin

In vitro: viability, proliferation, osteogenic differentiation of 
hBMSCs and angiogenic activities of HUVECs
In vivo: bone and blood vessels regeneration in rabbit 
femoral defects

[74]

BCP

In vitro: attachment, viability, proliferation and osteogenic 
and angiogenic activities of MC3T3-E1 cells; ERK1/2 
inhibitor treatment analysis
In vivo: regeneration of rabbit cranial bone defects

[75]

metal-organic framework 
Cu-TCPP nanosheets/β-
TCP

In vitro: anti-tumor efficacy with NIR light; cell 
attachments, osteogenic differentiation of hBMSCs and 
angiogenic activities of HUVECs
In vivo: tumor ablation in nude mice; bone regeneration of 
rabbit femoral defects

[76]

Mxene/bioactive glass

In vitro: cytotoxicity and cell ablation of Saos-2 cells with 
NIR light; proliferation and differentiation of hBMSCs
In vivo: photothermal performance and tumor ablation in 
nude mice; bone regeneration of rat cranial defects

[77]

mesoporous silica/Mxene/
bioactive glass

In vitro: NO uptake and cell ablation of Saos-2 cells with 
NIR light; proliferation and differentiation of hBMSCs
In vivo: photothermal performance and tumor ablation in 
nude mice; bone regeneration of rat cranial defects

[78]

Metallic 
scaffolds

titanium
In vitro: attachment, viability, proliferation and osteogenic 
differentiation of BMSCs
In vivo: the formation of new bone in rabbit femoral defects

[79]

tantalum
In vitro: attachment, viability, proliferation and osteogenic 
differentiation of hBMSCs
In vivo: bone formation in rabbit femoral defects

[80]

magnesium N.A. [81]

iron In vitro: cell attachments and cytotoxicity of MG63 cells [82]

iron/HA In vitro: viability and osteogenic differentiation of rabbit 
BMSCs

[83]

titanium/alginate/nHA In vitro: attachment, viability, proliferation and osteogenic 
activities of pre-osteoblasts

[84]

titanium/nanodiamond In vitro: attachment and proliferation of human fibroblasts 
and rat primary osteoblasts; anti-bacteria assay

[85]
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Category Sub-category Materials Biology evaluation Reference

titanium/autologous 
platelet -rich plasma

In vitro: viability and osteogenic differentiation of BMSCs
In vivo: regeneration of femoral defects in rabbit 
osteoporosis models

[86]

Hybrid 
Scaffolds N.A.

HA/carboxymethyl 
chitosan/polydopamine

In vitro: cytotoxicity and attachment of MC3T3-E1 cells
In vivo: biosafety and regeneration of rabbit femoral 
condyle defects

[87]

tri-block poly (lactide-co-
propylene glycol-co-
lactide) dimethacrylate 
and hydroxyethyl 
methacrylate 
functionalized HA 
nanoparticles

In vitro: cell viability, proliferation, and morphology of 
rMSCs
In vivo: bone regeneration of rabbit femoral condyle defects

[88]

PLGA/TCP/magnesium In vivo: biosafety test and osteogenesis and angiogenesis in 
steroid associated osteonecrosis （SAON） rabbit model

[89]

silk fibroin/bioactive glass
In vitro: cell attachment, viability, proliferation and 
osteogenic activities of hBMSCs
In vivo: heterotopic bone formation

[90]

PCL/decellularized 
porcine bone

In vitro: cell viability and osteogenic activities of hMSCs
In vivo: bone regeneration of rat cranial bone defects

[91]

Gelatin/Alginate/CaCl2 N.A. [92]

CPC/Alginate In vitro: cell viability and osteogenic differentiation of 
MSCs

[93]

CPC/alginate-
methylcellulose blend In vitro: cell viability of hTERT-MSC [94]

polyurethane acrylate 
elastomer N.A. [95]

Ca7MgSi4O16 bioceramic/
sodium alginate/Pluronic 
F-127

In vitro: cell viability and osteogenic activities of BMSCs 
and angiogenic activities of HUVECs
In vivo: bone regeneration of rabbit radius segmental defect 
model

[96]

dECM: decellularized extracellular matrix, PCL: poly(ε-caprolactone), PEG: polyethylene glycol, PANI: polyaniline, PEDOT: poly(3,4-
ethylenedioxythiophene), PEDOT:PSS: poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate), PLGA: poly(lactic-co-glycolic acid), BCP: 
biphasic calcium phosphate, Cu-TCPP: copper coordinated tetrakis (4-carboxyphenyl) porphyrin, β-TCP: β-tricalcium phosphate, HA: 
hydroxyapatite, hADSCs: human adipose-derived stem cells, MSCs: mesenchymal stem cells, hBMSCs: human bone mesenchymal stem cells, 
HUVECs: human umbilical vein endothelial cells, CPC: calcium phosphate cement, hTERT-MSC: human mesenchymal stem cell line expressing 
hTERT (human telomerase reverse transcriptase)
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Table 3.

Summary of the 3D printed delivery systems for bone regeneration covered in this review

Category Sub-
category

Materials 

(Scaffold)
1

Materials 
(Delivery 

matrix)
2

Delivery 
matrix 
loading

Therapeutic Evaluation Reference

Organic 
Systems

Polymer-
based 
systems

Alginate Alginate Chemical 
linkage BFP-1

In vitro: hADSCs; 
NIH3T3;
In vivo: calvarial bone 
defects of rabbits

[129]

PCL-TCP dry collagen loading
Human 
recombinant 
BMP-2

In vivo: calvarial bone 
defects of rats

[130]

PCL; PLGA Collagen/
gelatin Printing

Human 
recombinant 
BMP-2

In vivo: rabbit radius 
segmental defect model

[131]

HA-PLGA PEG Direct printing BMP-2
In vitro: osteoblasts;
In vivo: calvarial bone 
defects of SD rats

[132]

PCL PLGA 
microsphere Direct printing CTGF, TGF-

β

In vitro: MSCs
In vivo: 
temporomandibular 
joint disc in rabbits

[133]

PPF/DEF PLGA 
microspheres Direct printing BMP-2

In vitro: pre-osteoblasts
In vivo: rat cranial 
bone defect

[134]

PCL/graphene graphene Direct printing P1-latex In vitro: hADSCs [135]

PLGA Poly 
(dopamine) coating BMP-2, 

Ponericin G1 In vitro: pre-osteoblasts [136]

PCL/PLGA Heparin-
dopamine coating BMP-2

In vitro: osteoblast-like 
cells (MG-63 cells)
In vivo: rat femur bone 
defect

[137]

Bioprinting

Alginate
Gelatin 
microparticles; 
Alginate

Encapsulation; 
printing

Human 
recombinant 
BMP-2

In vitro: goat 
multipotent stromal 
cells;
In vivo: Subcutaneous 
implantation

[138]

Alginate; 
Alginate-
sulfate

Alginate; 
Alginate-
sulfate

Direct printing BMP-2 In vitro: MC3T3-E1 
osteoblasts;

[139]

MeHA MeHA Direct printing BMP-2 N.A. [140]

Inorganic 
systems

CaP-based 
systems

HA Chitosan 
microspheres Coating

Human 
recombinant 
BMP-2

In vitro: hMSCs
In vivo: ectopic bone 
formation model

[141]

calcium 
phosphate 
cement with 
mesoporous 
silica

N.A. Infiltration
Human 
recombinant 
BMP-2

In vitro: HUVECs and 
hBMSCs
In vivo: rabbit femoral 
defect model

[142]

CDHA CDHA Printing Quercetin N.A. [143]

P-CPC P-CPC N.A. N.A. In vitro: hMSCs [144]

Titanium-
based 
systems

Titanium Gelatin Infiltration BMP-2 and 
FGF-2

In vivo: critical femoral 
bone defects of rats

[145]

CaP modified 
Ti6Al4V N.A. Coating BMP-2 In vivo: calvarial bone 

defects of rabbits
[146]
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Category Sub-
category

Materials 

(Scaffold)
1

Materials 
(Delivery 

matrix)
2

Delivery 
matrix 
loading

Therapeutic Evaluation Reference

Hybrid 
Systems N.A.

PEG:PEGDA 
with nHA PLGA Printing TGF-β1 In vitro: hMSC [147]

PCL/PLGA/β-
TCP Collagen Printing

Human 
recombinant 
BMP-2

In vivo: rabbit calvarial 
defect model

[148]

CPC alginate-gellan 
gum Printing VEGF

In vitro: endothelial 
cell, HUVECs and 
MSCs
In vivo: segmental 
bone defect in the rat 
femur

[149, 150]

Polylactic 
acid

Gold NPs/
GelMA Infiltration BMP-2 In vitro: ADSCs [151]

PCL Alginate; 
gelatin Printing VEGF In vitro: DPSCs;

In vivo: ectopic bone 
formation model

[152]

PCL Collagen Printing BMP-2

GelMA GelMA Printing VEGF In vitro: HUVECs and 
hMSCs

[64]

1
materials for scaffold fabrications.

2
materials of drug-loaded vehicles.

PCL: poly(ε-caprolactone), TCP: tricalcium phosphate, PLGA: poly(lactic-co-glycolic acid), HA: hydroxyapatite, PEG: polyethylene glycol, 
PPF: poly (propylene fumarate), DEF: diethyl fumarate, MeHA: methacrylated hyaluronic acid, CaP: calcium phosphate, PEGDA: polyethylene 
glycol diacrylate, GelMA: gelatin methacrylate, BFP-1: bone formation peptide-1, BMP-2: bone morphogenetic protein-2, CTGF: connective 
tissue growth factor, TGF-β: transforming growth factor-β, FGF-2: fibroblast growth factor-2, VEGF: vascular endothelial growth factor, 
hADSCs: human adipose-derived stem cell, MSCs: mesenchymal stem cells, HUVECs: human umbilical vein endothelial cells, hBMSCs: human 
bone mesenchymal stem cells, DPSCs: dental pulp stem cells, CDHA: calcium-deficient hydroxyapatite, P-CPC: pasty calcium phosphate 
cement, CPC: calcium phosphate cement
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