
R E V I E W Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation 
or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.

Zhao et al. Journal of Nanobiotechnology          (2024) 22:500 
https://doi.org/10.1186/s12951-024-02759-z

complete regeneration is not achievable in many cases 
[2]. Severe bone defects commonly occur in limb and 
facial bones, necessitating intervention and treatment. 
To date, certain bone scaffolds have clinical applications, 
but they often come in standardized shapes [3], failing 
to meet the demand for personalization. This limitation 
restricts the applicability of bone scaffolds in treating 
specific patients, especially those with complex or irregu-
lar bone defects. In bone tissue engineering (BTE), con-
sidering individual patient factors is crucial. These factors 
include unique defect shapes, sizes, locations, bone tra-
beculae, cortical thickness, and pore diameters.

Over the past four decades, there has been significant 
progress in the development of customized bone scaf-
folds using 3D printing technology, bringing benefits of 

Introduction
Bone defects are a highly prevalent condition that often 
results from congenital or acquired factors, such as auto-
immune diseases, genetic disorders, degenerative dis-
eases, bone cancer, sports injuries, and traffic accidents 
[1]. Despite the intrinsic self-healing properties of bones, 
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Abstract
Bone defects pose significant challenges in healthcare, with over 2 million bone repair surgeries performed globally 
each year. As a burgeoning force in the field of bone tissue engineering, 3D printing offers novel solutions to 
traditional bone transplantation procedures. However, current 3D-printed bone scaffolds still face three critical 
challenges in material selection, printing methods, cellular self-organization and co-culture, significantly impeding 
their clinical application. In this comprehensive review, we delve into the performance criteria that ideal bone 
scaffolds should possess, with a particular focus on the three core challenges faced by 3D printing technology 
during clinical translation. We summarize the latest advancements in non-traditional materials and advanced 
printing techniques, emphasizing the importance of integrating organ-like technologies with bioprinting. This 
combined approach enables more precise simulation of natural tissue structure and function. Our aim in writing 
this review is to propose effective strategies to address these challenges and promote the clinical translation of 
3D-printed scaffolds for bone defect treatment.
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cost-effectiveness and shortened manufacturing cycles 
[4]. Currently, FDA-approved cell-free 3D printing 
technology is available for large-scale production [5]. 
However, the products can only serve as supporting 
structures without bone inductivity or dynamic preci-
sion. The emerging 3D bioprinting methods can solve the 
above problems; however, these techniques are still at a 
relatively early stage in terms of clinical application. The 
recent level of technological maturity falls short of meet-
ing clinical demands [6].

Current clinical scaffolds face significant challenges 
in restoring the complex structure and functionality of 
bone tissue. These challenges primarily manifest in three 
aspects. (1) Selecting scaffold materials that simulta-
neously meet mechanical performance and biological 
requirements can be difficult. Metal materials exhibit 
good load-bearing performance but poor biocompatibil-
ity, while ceramics and polymers offer good biocompat-
ibility but weaker support capabilities [7]. (2) Printing 
methods encounter various challenges, including insuf-
ficient resolution, slow manufacturing speed, difficulty in 
creating complex shapes, limited material choices, and a 
lack of simulation for soft tissues [8]. (3) During the pro-
cess of bioprinting bone scaffolds, incorporating regener-
ative cells into the construct and maturing them to tissue 
repair levels while ensuring recipient acceptance relies on 

local cell interactions and self-organization—a significant 
challenge [9].

In the field of regenerative medicine, organoid tech-
nology emerges as a promising approach for bone repair, 
showcasing robust self-renewal and self-organization 
capabilities that mimic the spatial organization and 
function of native organs [10, 11]. Bone organoids con-
structed through 3D bioprinting, with their spatial char-
acteristics and mechanical structures, can withstand high 
levels of compression and shear loads in implants, dem-
onstrating an inducible osteogenic function. Despite sig-
nificant advancements in this field, the use of bioprinted 
organoids for orthopedic tissue engineering is still in 
its nascent stages. Challenges persist in aspects such as 
printing speed, resolution, material degradation proper-
ties and biocompatibility, as well as cell sourcing and co-
culturing, necessitating further attention and resolution.

This review systematically explores the clinical applica-
tions and prospects of 3D printing in bone scaffold fabri-
cation, addressing current materials, methods, and their 
limitations (Fig.  1). We comprehensively evaluated the 
clinical translation status of 3D-printed bone scaffolds, 
focusing on the three main challenges currently faced, 
along with their implications for research progress and 
potential directions for development. Additionally, we 
highlight the promising integration of bioprinting with 
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Fig. 1 Diagram illustrating the challenges and current status for the clinical translation of 3D-printed bone scaffolds in bone tissue engineering
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bone organoids in BTE. The review aims to analyze the 
current applications, challenges, and future trends of 3D 
printed bone scaffolds, emphasizing the need for innova-
tion in orthopedic treatment technologies through inter-
disciplinary research in regenerative medicine and tissue 
engineering.

Performance criteria for ideal bone scaffolds
Bone regeneration constitutes a multifaceted process, 
encompassing molecular, cellular, biochemical, and 
mechanical elements. Drawing influence from the natural 
structure of bones when designing scaffolds for bone tis-
sue regeneration is sensible. Combining these fundamen-
tals with common biomaterial design criteria allows the 
creation of a set of ideal AM bone scaffold structures and 
properties.

Composition of the bone microenvironment
A deep understanding of the natural structure of the 
bone microenvironment is crucial for better construct-
ing in vitro scaffolds. According to classical bone tissue 
research, the bone microenvironment is a unique and 
highly dynamic compartment composed of heteroge-
neous cells, extracellular matrix, soluble growth factors, 
and cytokines [12]. Bone tissue contains various types of 
bone cells with different functions, including osteoblasts 
that are responsible for bone formation and secrete bone 
matrix, osteoclasts that are involved in bone resorption 
and secrete various enzymes and acids to degrade the 
bone matrix, and osteocytes embedded deep within the 
bone matrix. Additionally, it includes other cells such as 
mesenchymal stem cells (MSCs), vascular endothelial 
cells, and immune cells [13].

One of the primary objectives in 3D printing bone scaf-
folds is to simulate the bone formation function. MSCs 
are the main source of bone-forming cells, which is why 
many studies on 3D-printed scaffolds choose MSCs as 
the seed cells [14]. The bone matrix, the main non-cel-
lular component of bone tissue, is primarily composed 
of collagen (about 90%) and calcium phosphate salts 
(approximately 70% hydroxyapatite and 30% calcium car-
bonate), providing a survival environment and mechani-
cal support for bone cells. The bone matrix endows bones 
with the necessary strength and elasticity to withstand 
mechanical loads.

Additionally, bone tissue contains numerous soluble 
growth factors and cytokines that regulate bone cell 
function and bone metabolism, such as bone morpho-
genetic proteins (BMPs) and fibroblast growth factors 
(FGFs). These factors are important considerations when 
constructing bone scaffolds in vitro [15].

Biocompatibility: immune response avoidance and cellular 
response induction
First, the scaffold must possess biocompatibility, sug-
gesting that it should not elicit acute or long-term toxic 
reactions in vitro and in vivo. Additionally, the scaffold 
surface wettability and chemistry are crucial for promot-
ing early cell adhesion, spreading, and proliferation [16]. 
Therefore, optimizing scaffold surface hydrophilicity is 
highly desirable. Last, the scaffold design should be care-
fully formulated to prevent undesirable host immune 
responses, such as the development of fibrous tissue [17].

Mechanical properties: balancing strength and flexibility 
for bone repair
In optimal scenarios, bone tissue engineering scaf-
folds produced through AM should exhibit supportive 
attributes that align with the host bone characteristics, 
whether intended for weight-bearing or non-weight-
bearing bone repair applications. This requirement 
calls for providing sufficient flexibility to enable regular 
mechanical transfer and sufficient mechanical strength 
to withstand stresses and maintain stability. Cortical and 
trabecular (spongy) bone both comprise the tissue of 
human bone. In contrast to trabecular bone, which has 
a permeability range of 50–90%, cortical bone demon-
strates great density with 5–10% porosity. Approximately 
80% of the weight of the human skeleton is composed of 
cortical bone, whereas the remaining 20% is composed of 
trabecular bone [18]. Notably, the compressive properties 
and Young’s modulus of cortical bone vastly outperform 
those of trabecular bone [19].

Porous structure: key influencing factors for nutrient 
transport and cell proliferation
In the field of bone tissue engineering, the pursuit of 
optimal scaffold design often revolves around replicating 
the hierarchical porous structure found in human bone. 
The size, number, shape and distribution characteristics 
of micropores are crucial in the design of an ideal bone 
scaffold. The 150–800-µm pores provide channels for 
nutrient transport and metabolite excretion [20]. The 
40–100-µm pores facilitate the growth of nonmineral-
ized tissues [21], whereas the 10–100-µm pores promote 
the growth of capillaries, which contribute to nutrient 
exchange and waste excretion. Nanosized pores have rel-
atively large specific surface areas and active targets that 
facilitate cell nucleation and protein adsorption, thus cre-
ating a favorable cellular response that promotes tissue 
regeneration and development [22].

Degradability: matching degradation and new bone 
formation rates
An ideal bone scaffold should serve as a temporary 
mechanical support rather than a permanent implant, 
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which suggests that they gradually degrade or are 
absorbed over time to create space for new bone forma-
tion. The scaffold rate of degradation should match the 
rate at which new tissue forms. If the scaffold degrades 
too quickly, mechanical failure may occur, while insuffi-
cient mechanical support during new bone formation can 
result in fracture [23]. Conversely, if the scaffold degrades 
slowly, the presence of foreign material may cause an 
inflammatory response, preventing tissue regeneration 
[24]. Of paramount significance is the requirement for 
degradation byproducts to be nontoxic and easily metab-
olized by the host. Concretely, these characteristics pro-
vide mechanical support for a period of 3–6 months [25] 
before degrading completely within 12–24 months [26].

Osteoinductivity: orchestrating cellular differentiation and 
bone regeneration
Concerning clinical applications, bone scaffolds manu-
factured through 3D printing must exhibit robust osteo-
inductivity. Osteoinductivity, which is a pivotal attribute, 
denotes the intrinsic ability of the scaffold to not only 
stimulate stem cells but also orchestrate their trans-
formation into osteogenic cells, thereby catalyzing the 
genesis of new bone tissue. This facet of scaffold func-
tionality holds paramount significance in tissue engineer-
ing, as it directly influences the potential for successful 
bone regeneration [27]. To date, numerous scholars have 
explored the use of 3D bioprinted bone scaffolds loaded 
with growth factors or stem cells [28]. Unfortunately, 
successful clinical translation of osteoinductive 3D bio-
printed scaffolds has not yet been achieved.

Precision: transitioning from static to dynamic
The external contour of the best BTE scaffold should 
match the anatomical features of the human bone defect 
site to ensure the best fit [29]. Beyond its intricate three-
dimensional architecture, tissue regeneration entails the 
orchestration of functional tissue generation through 
dynamic alterations in tissue configuration [30]. Spe-
cifically, the process of bone regeneration is delineated 
into four stages [31]: (1) Activation: initiation of bone 
regeneration at specific locations. (2)Resorption: bone 
resorption followed by the recruitment of osteoblasts and 
mesenchymal stem cells. (3) Formation: osteoblast dif-
ferentiation and osteoid production. (4) Mineralization: 
mineralization of osteoid and the formation of lamel-
lar bone. As per established patterns, this cycle typically 
spans 4–6 months. Consequently, an ideal bone scaffold 
should possess the capacity for dynamic transformation, 
adapting its morphology and properties to the surround-
ing microenvironment over time in response to shifts in 
the external conditions.

Biodegradable materials for 3D printing and 
clinical translation
Within the framework of the aforementioned six piv-
otal performance facets of ideal bone scaffolds, the bio-
compatibility, degradability, and mechanical properties 
are intricately interwoven with material behavior. These 
characteristics help to avoid secondary surgeries with 
nondegradable materials [32]. And the risks of toxic side 
effects and local tissue reactions caused by metal parti-
cles generated by long-term retention in the body [33]. A 
myriad of degradable materials, including metals, ceram-
ics, and polymers, are utilizable in clinical bone scaffold 
applications. Generally, metallic materials have high 
mechanical properties and stability but may suffer from 
biocompatibility and degradation levels that are difficult 
to control. Ceramic materials have excellent biocompat-
ibility and bioactivity, but they have poor mechanical 
properties and may not be suitable for use in load-bear-
ing areas. Conversely, polymeric materials exhibit favor-
able degradation properties and biocompatibility, but 
they may encounter challenges in maintaining stability in 
load-bearing regions.

Evidently, no universally acknowledged optimal mate-
rial for 3D-printed bone scaffolds exists to date, as the 
characteristics of these materials dictate their applica-
bility and limitations in a clinical setting. To achieve a 
nuanced equilibrium between biocompatibility, mechani-
cal attributes, and degradability, certain advanced bio-
degradable materials have demonstrated success in 
laboratory settings in recent years. Nevertheless, numer-
ous unknown challenges remain for their clinical trans-
lation. A thorough understanding of the distinguishing 
qualities of various materials and their actual perfor-
mance levels can help to progress the development of 
increasingly effective and durable options for bone tissue 
regeneration and repair applications.

Biodegradable metal for 3D printing
Biodegradable metals, which are exemplified by magne-
sium, zinc, and their alloy counterparts, have garnered 
considerable interest among researchers due to their 
remarkable biocompatibility and degradability levels [34]. 
First, these materials possess hardnesses that approach 
the cortical bone hardness, providing effective fixation 
strength to support early fracture healing during the ini-
tial implantation period. Second, the implants gradually 
degrade in the physiological environment, avoiding the 
damage caused by secondary surgeries required with tra-
ditional metal fixation devices [35]. Magnesium degra-
dation also leads to the release of alkaline and enriched 
Mg2+ ions, which promote bone healing [36]. Last, 
their mass density and Young’s modulus are very simi-
lar, avoiding stress shielding [37]. Relevant studies have 
indicated that ions produced by magnesium degradation 
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can stimulate the regeneration of surrounding bone tis-
sue [38]. Dong et al. [39]. conducted an assessment that 
encompassed the mechanical characteristics, in vitro 
degradation dynamics, electrochemical responses, and 
biocompatibility levels of a 3D-printed Mg scaffold fea-
turing a porosity of 55% and a strut density of 92%. These 
scholars clearly demonstrated the tremendous potential 
of 3D-printed porous Mg scaffolds for further develop-
ment as bone implants.

However, magnesium faces significant challenges in 
rapid biodegradation due to its highly negative corrosion 
potential (-2.37  V) [25]. The first commercial magne-
sium screws (Magnezix, Syntellix, Hannover, Germany) 
were introduced in 2013, but they dissolve after one to 
two years of implantation [40]. This rapid degradation of 
the implant results in a deterioration of its mechanical 
properties before the newly formed bone can adequately 
withstand the requisite mechanical load [41]. Addition-
ally, the intense generation of hydrogen gas during the 
rapid biodegradation process can lead to the formation 
of cavities around the fracture site, affecting the healing 
outcome. Scholars have reported hydrogen gas release 
rates of 0.01 mL/cm2/day for magnesium alloys contain-
ing zinc, aluminum, and manganese [42].

Scholars have found that surface coatings can slow the 
degradation of biodegradable metals, allowing the hydro-
gen gas produced during the degradation process to be 
absorbed by the body without forming cavities [43]. Ibra-
him et al. [44] developed a novel Mg-Zn-Ca-Mn-based 
alloy, where a ceramic coating significantly reduced the 
corrosion rate from 10.37  mm/year for the uncoated 
alloy to 0.03 mm/year for the coated alloy. Additionally, 
the microhardness increased by 36.4%, and in vivo stud-
ies demonstrated improved biocompatibility. Kopp et al. 
[45] applied phosphate-based PEO surface modification 
(Kermasorb®) to magnesium alloy screws, confirming 
their biocompatibility and ability to reduce alloy degrada-
tion rates. This was tested for the first time in a long-term 
large animal model over 18 months, with the presence of 
residual material within the implanted area confirming 
these findings.

Even trace amounts of impurities, such as nickel, signif-
icantly increase the corrosion rate of magnesium, thereby 
accelerating its degradation. Moreover, nickel exhibits 
poor biocompatibility. Therefore, purifying magnesium 
alloys by removing impurities like nickel can enhance 
their biocompatibility while controlling degradation rates 
[46]. Additionally, nickel has demonstrated poor bio-
compatibility [47]. Hence, purifying magnesium alloys by 
eliminating nickel and other impurities can regulate deg-
radation rates and improve biocompatibility.

Biodegradable ceramics for 3D printing
Compared to biodegradable metals, biodegradable 
ceramics have several advantages, including biocompat-
ibility, corrosion resistance, and bioactivity. The most 
significant advantage is the gradual degradation of these 
ceramics through solution-driven and cell-mediated pro-
cesses after implantation [18], avoiding the generation 
of hydrogen gas. Additionally, biodegradable ceramics 
have mineral compositions similar to natural bone tissue, 
allowing them to gain inherent bone bonding activity and 
to greatly promote bone growth and integration [48].

Hydroxyapatite (HA), denoted as Ca10(PO4)6(OH)2, 
constitutes approximately 65% of the total bone mass and 
represents a significant portion of the inorganic constitu-
ents within bone tissue [49]. Synthetic HA exhibits excel-
lent osteoconductivity due to its high chemical similarity 
to natural HA. However, the biodegradation rate of HA 
is relatively slow, which may have adverse effects on bone 
defect repair. Brandt et al. [50]. implanted nanocrystal-
line HA into the distal femur of rabbits and observed 
minimal absorption at the edges of most implants.

Ca3(PO4)2 (TCP) has the advantage of a faster biodeg-
radation rate than HA, which promotes the growth of 
surrounding new bone [51]. Zheng et al. [52]. used 3D 
printing to prepare TCP composite scaffolds, enhanc-
ing their mechanical properties and their bone induction 
and regeneration effects. However, TCP lacks sufficient 
mechanical strength to withstand physiological loads 
[53], limiting its applicability in large bone defects. To 
address this issue, recent research is mainly focused 
on doping TCP with other components to enhance its 
mechanical strength. Nandi et al. [54]. evaluated the 
effects of 3D-printed TCP scaffolds doped with silica and 
zinc oxide on the bone formation and healing character-
istics in a rabbit tibia defect model. The results showed 
that the addition of dopants promotes bone formation, 
thus accelerating the healing process. Additionally, Ossi-
form™ has successfully produced bone scaffolds for max-
illofacial bone defects by adjusting the formulation and 
printing methods of TCP, achieving successful clinical 
translation after thorough preclinical experiments and 
the attainment of regulatory approval [55]. Nevertheless, 
the mechanical strength of a TCP scaffold remains a limi-
tation, making it more suitable for repairing craniofacial 
bone defects than other bone defects.

Biologically active glass (BAG) is another important 
type of bioceramic. The main difference between BAG 
and traditional ceramics arises because BAG is typically 
noncrystalline, while ceramics are crystalline. BAG dis-
plays short-range atomic ordering; this characteristic is 
in contrast to ceramics, which feature long-range atomic 
ordering [56]. Notably, 45S5 Bioglass® is an inaugural 
synthetic material capable of establishing a chemical 
bond with bone [57]. The mechanism of bone bonding 
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entails a sequence of interfacial reactions, culminating 
in the creation of a hydroxyapatite layer akin to bone on 
the material surface. In parallel, released ions, such as 
calcium, phosphate, and silica, significantly contribute 
to its osteogenic potential. However, the disadvantages 
of BAG include poor fracture toughness, brittleness, 
and high rigidity, making it suitable for non-load-bear-
ing bone defect repairs only. PerioGlas® is the first clini-
cally used particulate BAG product that is mainly used 
for periodontal tissue reinforcement and jawbone defect 
repair [58]. Additionally, BAG exhibits a relatively grad-
ual in vivo degradation rate that does not align with the 
pace of new bone formation. In a 14-year follow-up clini-
cal trial for benign tumor excision-induced bone defects, 
some BonAlive® glass particles were still present [59]. 
Due to these limitations, present applications of BAG in 
bone repair are limited to coatings or particulate bone 
fillers. To broaden the scope of BAG utilization in bone 
tissue engineering, it is imperative to address these con-
straints by enhancing its mechanical properties and deg-
radation rate, thus catering to a diverse array of clinical 
requirements.

Biodegradable polymers for 3D printing
Polymers are extensive molecules created through the 
covalent linkage of recurring monomers. In the field of 
bone implants, biodegradable polymers have become 
widely applicable due to their degradability [60]. Depend-
ing on their origin, polymers can be divided into natural 
and synthetic varieties. Peptides and proteins, polynu-
cleotides, and polysaccharides are the three primary 
categories into which biodegradable polymers of natural 
origin can be generally divided [61]. Due to their biode-
gradability, bioactivity, and biocompatibility levels, these 
materials have drawn considerable interest as prospective 
treatments for bone defect healing.

Collagen, which is a pivotal constituent of the extracel-
lular matrix (ECM), plays a vital role in governing cellular 
behavior [62]. Therefore, collagen is considered one of the 
most promising materials for 3D bioprinting [63]. Wang 
et al [64]. developed a reliable UV-curable 3D bioprint-
ing bioink system using a novel water-soluble recombi-
nant human collagen. The scholars demonstrated that the 
3D-printed structures provide a microenvironment for 
cell diffusion, proliferation, and migration, and that col-
lagen supports the expression of ECM or angiogenesis-
related proteins by cells. Natural polymers have specific 
drawbacks, such as microbial contamination (e.g., endo-
toxins), reduced tunability, immune reactions, uncon-
trolled degradation rate, and low mechanical strength, 
which limit their applicability in hard tissue regenera-
tion [41]. Presently, no exclusively natural polymer mate-
rial exists that is exclusively utilized for bone scaffolds. 
Instead, natural polymers are primarily applicable as 

components within composite materials, thereby aug-
menting diverse types of scaffolds [65]. As a result, most 
of the collagen products presently marketed as bioinks, 
such as Fibercoll-Flex-A®, have been limited to scien-
tific experiments [66], although they have demonstrated 
excellent performance and outstanding shape fidelity in 
the printing of complex scaffolds.

In contrast to their natural counterparts, synthetic 
polymers can be tailored for diverse applications through 
well-regulated design and synthesis parameters. Within 
the realm of 3D printing, synthetic polymers, such as 
aliphatic polyesters like polycaprolactone (PCL), PLA, 
Polyglycolic acid (PGA), and the copolymer poly(lactic-
co-glycolic acid) (PLGA), hold notable relevance. Among 
these, PCL is noteworthy due to its cost-effectiveness, 
FDA approval, and inherent flexibility [67]. Despite its 
biodegradability and biocompatibility, PCL has been 
found to degrade slowly and exhibit poor mechanical 
properties, making it suboptimal for bone defect repair 
[68]. PGA is an uncomplicated aliphatic polyester distin-
guished by its consistent linear molecular arrangement. 
Due to its excellent tensile modulus and controllable 
solubility, PGA has been clinically used for many years 
as the first biodegradable suture thread [69]. However, 
because of its rapid degradation rate in the body, using 
PGA scaffolds alone is not suitable for bone defect repair.

PLGA is a copolymer created by the ring-opening 
polymerization of PLA and PGA. By adjusting the ratio 
of these two components, its degradation kinetics can 
be controlled, making PLGA a better option than PGA 
and PLA [70]. Unfortunately, the application of PLGA 
in bone repair is limited due to its poor bone inductivity 
and hydrophobicity [71]. Therefore, additional materials 
are required for modification. Liu T et al. [72]. utilized 
3D printing to fabricate customized three-dimensional 
porous PLGA/CaSO4 scaffolds, resulting in improved 
mechanical properties, biocompatibility, and osteogenic 
performance. Fan et al. [73]. used poly(lactic-co-glycolic 
acid) and sodium alginate to create PLGA/SA scaffolds, 
demonstrating their ability to successfully repair joint 
cartilage and prevent adverse reactions such as osteo-
arthritis in rat knee cartilage. Liu Z et al. [74] modified 
the surface of 3D-printed PLGA/HA composite scaf-
folds with a novel fusion peptide, finding that it exhib-
ited good biocompatibility, antibacterial activity, and 
promoted osteogenesis and angiogenesis. Despite many 
efforts to enhance PLGA, successful clinical translation 
of 3D-printed bone scaffolds has yet to be realized. To 
date, PLGA products are mainly used in the production 
of sutures, as well as cell and drug delivery systems [18, 
75–79].

Although polymers have been extensively studied as 
bone scaffolds, the side effects and toxicity of their degra-
dation products remain critical issues. The size, location, 
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and shape of degradation products are crucial features. 
For instance, positively charged particles produced after 
PLA degradation can induce cell toxicity, oxidative stress, 
and even DNA damage. Excessive reactive oxygen species 
(ROS) can lead to local inflammation. Moreover, brittle 
nanoparticles may be enzymatically degraded once they 
enter the bloodstream, or they may undergo immune 
rejection through protein adsorption and aggregation 
[80]. The key to addressing inflammatory reactions from 
degradation products lies in controlling the degradation 
rate. Rapid degradation rates can increase crystalline sub-
stance concentrations in local tissues and enhance mac-
rophage-mediated foreign body responses (FBRs) [81]. 
PLGA has become one of the most successful biodegrad-
able polymers due to its controllable degradation rate. 
PLGA degrades into lactic acid and glycolic acid, both of 
which are endogenous monomers easily metabolized by 
the human body through the Krebs cycle. Therefore, the 
use of PLGA in biomedical applications minimizes sys-
temic toxicity [82].

A common issue faced by synthetic polymers such 
as PCL, PGA, and PLGA is their poor biological activ-
ity, mainly due to their hydrophobicity, inertness, and 
lack of cell recognition/binding sites [17]. Therefore, for 
clinical bone scaffolds, it is often necessary to use bioac-
tive materials for surface modification or reconstruction 
to provide cell recognition and binding sites, promote 
cell adhesion and proliferation, and facilitate new bone 
growth and regeneration. In Liu et al.‘s study [83], a 
hydrogel rich in angiogenic factors was introduced into 
a 3D-printed polylactic acid scaffold, greatly promoting 
bone regeneration.

To date, successful clinical translation of 3D-printed 
bone scaffolds is primarily dominated by synthetic 
polymer-based scaffolds. By manipulating the material 
composition and molecular weight, these polymer scaf-
folds can be fine-tuned to achieve targeted degradation 
rates and mechanical characteristics. However, chal-
lenges remain in terms of osteoinductivity and limited 
application in weight-bearing areas. Future research is 
shifting toward the composite modification of polymer 
scaffolds with other materials to enhance bone-forming 
and mechanical properties. Another noteworthy cat-
egory with considerable clinical applicability is bioc-
eramics, which comprise elements akin to those found in 
the human body. These ceramics exhibit relatively good 
bone-forming properties, but their mechanical perfor-
mance is comparably inferior, and their degradation 
rates are relatively slow. Future research efforts should 
focus on improving ceramic formulations. Relative to the 
aforementioned materials, biodegradable metals, while 
possessing superior mechanical properties, have not yet 
achieved widespread clinical translation for 3D-printed 
bone scaffolds due to certain issues, such as hydrogen 

release and stress shielding effects. Future efforts are 
likely to concentrate on surface coating modifications to 
address these challenges(Fig. 2). Apart from these poten-
tial improvement approaches, the printing methods 
themselves are closely intertwined with the enhancement 
of mechanical and degradation properties.

3D Printing techniques and clinical translation
To achieve the ideal bone scaffold for clinical applica-
tion, the selection of the appropriate manufacturing 
technique is key to achieving a personalized design and 
a pore structure that matches the bone tissue. The cho-
sen manufacturing method should align with the selected 
material to guarantee optimal scaffold performance and 
successful implementation. Specific aspects, such as 
resolution, fabrication speed, cost, and complexity asso-
ciated with various technologies, must be taken into 
account during the selection of the appropriate fabrica-
tion approach.

According to the standards of the American Society for 
Testing and Materials (ASTM), there are seven key 3D 
printing technologies: material extrusion, powder bed 
fusion, vat photopolymerization, material jetting, binder 
jetting, directed energy deposition, and sheet lamination 
[87] Based on relevant literature, we will briefly introduce 
material extrusion, powder bed fusion, vat photopoly-
merization, and binder jetting, which are highly relevant 
to BTE [88](Fig. 3). Vat photopolymerization bioprinting 
technologies offer significant advantages in rapid manu-
facturing, precise geometric control, and high resolu-
tion for BTE. However, limitations arise from material 
selection and printing processes, particularly in achiev-
ing multifunctional, multi-material printing. In contrast, 
ME (Material Extrusion) technology is user-friendly and 
widely used for commercial scaffold printing, albeit with 
relatively lower resolution. BJ (Binder Jetting) technology 
effectively reduces the risk of irregular shrinkage-induced 
fractures, especially suitable for printing special materi-
als like bioceramics, although mechanical performance 
needs improvement. PBF (Powder Bed Fusion), as a pre-
ferred method for metal additive manufacturing, excels 
in quality and efficiency, but controlling pore structure 
and degradation rate remains challenging (Table 1).

Vat photopolymerization
The 3D printing technique Vat Photopolymerization is 
frequently utilized in bone tissue engineering. SLA uses 
photopolymer resins and constructs structures layer-
by-layer after curing the resin with UV light [96]. As a 
result, these printing technologies have the potential to 
achieve personalized implants with anatomical shapes 
and optimized internal porous structures. This ability 
allows any 3D shape to be sliced into thin layers and to 
be constructed by layer-by-layer photopolymerization. 
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Fig. 2 Effectiveness of materials for printing stents in BTE. (A) Magnesium coating enhances osseointegration [84]. (a) Surface morphologies and ele-
ments of porous PEEK scaffolds in different groups examined by SEM and EDS. (a) Surface morphology and elements of porous PEEK scaffolds examined 
by SEM and EDS. (b, c) 3D reconstructed images of internal vessels and bone ingrowth in scaffolds determined by micro-CT. (Copyright 2023, Elsevier) 
(B) Functionalized silk-hydroxyapatite scaffolds for enhanced bone regeneration [85]. (a, b) Micro-CT of a 3D printed cube and anatomical structures. 
(c, d) SEM of a 3D-printed construct and immunofluorescent staining of osteopontin (OPN). (Copyright 2021, Elsevier) (C) 3D-printed PLGA/BP scaffold 
stimulates bone regeneration by modulating macrophage M2 polarization [86]. (a) Schematic of PLGA/BP scaffolds and proposed mechanism. (b, c) 
CLSM images of hBMSC cells and RAW264.7 cells on the scaffolds. (Copyright 2023, Advanced Science)
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Later, this process was improved by conducting contin-
uous light curing in each layer region, known as digital 
light processing (DLP) or continuous DLP (cDLP), which 
offers a faster printing speed than standard SLA.

In recent years, advancements in chip manufacturing 
technology have significantly enhanced the speed and 
precision of SLA printing using DLP printers equipped 
with DMD (Digital Micromirror Device) chips [97]. 
A DMD consists of millions of tiny mirrors, each inde-
pendently controllable to tilt and adjust the direction of 
light projection. Prior to printing, the DLP printer slices 
the 3D model data into numerous thin layers. During 
operation, the printer projects an image of each layer 
onto photosensitive resin. This image is composed of mil-
lions of tiny light spots, where each spot corresponds to 
a pixel. These spots selectively cure the resin, solidifying 
it into the desired shape. As the print platform incre-
mentally rises, layer by layer, the entire model is built up 
[98]. The ability of DLP printers to project entire layers 
at once, rather than scanning point by point, significantly 
accelerates printing speed. Additionally, the high resolu-
tion of DMD enables finer detail in printed objects and 
facilitates the creation of complex geometric shapes.

SLA/DLP bioprinting technology has unique advan-
tages in the field of BTE, such as fast manufacturing 
speed, precise control over scaffold geometry, and good 

resolution (< 100  μm) [99]. These advantages have pro-
pelled the extensive adoption of this technology within 
the field of bone tissue engineering, leading to the cre-
ation of numerous 3D-printed scaffolds. For example, 
Lam et al. [100] methacrylated gelatin (GelMA) and hyal-
uronic acid methacrylate (HAMA) through stereolithog-
raphy-based bioprinting to create cartilage models with 
varying chondrocyte densities. Hong et al. [101]. mixed 
cellulose with methacrylated glycerol (silk-GMA) for 
DLP 3D printing to treat partial tracheal defects in a rab-
bit model. These in vivo experiments have demonstrated 
that SLA/DLP bioprinting technology can be used for 
treating cartilage defects and for adjusting the sizes 
and shapes of bioprinted structures based on individual 
patient needs.

However, it is important to note that although SLA/
DLP bioprinting technology is advantageous in many 
ways, it may not be ideal for versatile multimaterial print-
ing due to constraints in material choices and printing 
procedures. Additionally, there is a problem with ceram-
ics settling in suspension during printing, which causes 
the density of the finished part to be uneven [102]. With 
the continuous development and improvement of the 
technology, the SLA/DLP bioprinting technique is antici-
pated to advance further, bringing new discoveries and 

Fig. 3 Important fabrication techniques for bone-tissue-engineering materials. (A) Vat Photopolymerization. (B)ME. (C)BJ. (D)PBF.
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developments to the fields of bone tissue engineering and 
medicine.

Materials extrusion
Materials extrusion (ME) stands out as a widely favored 
AM technology due to its straightforwardness and user-
friendliness. In most material extrusion 3D printing 
systems, thermoplastic filaments are fed into a heated 
nozzle, where they are softened and extruded as the print 
head moves within the x-y plane. Other systems can 
utilize pellet or screw extrusion concepts to deposit the 
extruded material onto a build plate that can move along 
the z-direction [8]. This technique typically requires 
shear thinning or thermoplastic materials. Thermoplastic 
materials, such as PLLA, can be applied in the form of 
continuous filaments, which are melted in the extrusion 
head and deposited through a nozzle to build 3D struc-
tures. This process is called fused deposition modeling 
(FDM) [103]. Direct extrusion of ceramic or glass-based 
pastes, also known as robocasting or direct ink writing, 
is widely used to fabricate green bodies, which are then 
sintered to form 3D bioceramic scaffolds [104].

Based on the easy operation of ME, a large num-
ber of commercial scaffolds are currently printed using 
this method. Yang et al. [105]. investigated the effect of 
GENESIS-BCP™ scaffolds made of HAp and TCP on the 
creation of bones. They transplanted GENESIS-BCP™ 
scaffolds into rabbits and humans, and used Masson’s 
trichrome and hematoxylin-eosin staining to display 
the formation of new bone. The research findings sub-
stantiated the notable capacity of this bone graft mate-
rial to expedite the generation of fresh bone tissue. In 
another study, Miramond et al. [106]. evaluated commer-
cially available biphasic calcium phosphate (MBCP® and 
MBCP+®) scaffolds by implanting them in a nude mouse 
model with varying ratios of hydroxyapatite/β-tricalcium 
phosphate. The goal was to assess the osteoinductive 
properties of these scaffolds. These scholars showed that 
commercial ME-printed scaffolds have excellent capabili-
ties for promoting bone formation and that their design 
and composition can be adjusted according to specific 
patient needs, providing a personalized and effective 
solution for bone defect repair.

ME 3D printing has a lower resolution (typi-
cally > 100  μm) than SLA, depending on certain factors, 
such as nozzle diameter and material viscosity [107]. 
Additionally, ME 3D printing faces another limitation: 
it cannot be used with soft or low-viscosity materials, as 
these materials tend to lose their shape after extrusion. 
However, a strategy known as freeform reversible embed-
ding of suspended hydrogels (FRESH) has been proposed 
to overcome this limitation. FRESH involves deposit-
ing soft hydrogels in support channels and suspend-
ing the printing material in a movable base, temporarily 

Table 1 Comprehensive summaries of different AM 
technologies and their characteristics
3D 
Process

Vat Photopolyme-
rization

ME BJ PBF Ref-
er-
enc-
es

Working 
principle

Polymerization Melting, 
extru-
sion &
deposi-
tion

Ink/
binder

Melt-
ing & 
freezing

Power 
source

Light/laser Thermal 
energy

Thermal 
energy

Laser/
electron 
beam

 [89]

Mor-
phologyof 
material

Liquid (resin) Solid 
(fila-
ment)

Liquid/
powder

Powder

Material 
suitability

Polymers Polymer, 
metals, 
ceramics

Poly-
mers,
ceramics

Metals, 
ceram-
ics, 
polymers

Typical 
materials

GelMA, HAMA, PPF, 
etc.

HAp, 
bioglass, 
etc.

Hap, 
bioglass,
β-TCP, 
etc.

Mg, Zn,
PEEK, 
HAp, 
etc.

 [17]

Z-axis 
resolution

0.5–100 μm 100–
150 μm

50–
300 μm

50–
300 μm

 [90]

Print 
speed

Excellcent Good Excell-
cent

Good

Advan-
tages

High precision, 
smooth surface 
finish, time and cost 
efficiency

Wide 
range of 
materi-
als, cost-
effective, 
suitable 
for 
large-
scale 
printing,
ease of 
use

High 
printing 
speed, 
low 
temp, 
minimal 
material 
waste 
during 
the 
printing 
process, 
com-
plex 
geom-
etries

Powder 
reusage, 
good 
me-
chanical 
strength, 
complex 
geom-
etries

 [8, 
91, 
92]

Disdvan-
tages

Limited material 
options, high equip-
ment and material 
costs, requires post-
processing and 
curing

Rough 
surfaces, 
high 
temp, 
limited 
mechan-
ical 
strength, 
waste of 
support 
material

Lower 
resolu-
tion and 
surface 
quality, 
limited 
me-
chanical 
strength 
and du-
rability, 
limited 
avail-
ability of 
materials

Slow 
printing 
speed, 
costly 
equip-
ment 
and ma-
terials, 
lower 
resolu-
tion and 
surface 
quality

 
[93–
95]
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maintaining the shape of the printed structure until it sta-
bilizes through further crosslinking [108]. his approach 
overcomes the traditional ME 3D printing constraints 
on hard materials, increasing the range of materials to be 
used in ME 3D printing and enabling the manufacturing 
of increasingly complex and functional structures.

Binder jetting
Material jetting is a 3D printing process where tiny drop-
lets of material are deposited and then cured or solidified 
on a build platform. It involves building objects layer by 
layer using photopolymer or wax droplets that solidify 
when exposed to light [109]. The nature of material jet-
ting allows for printing different materials on the same 
object. Therefore, current applications of parts printed 
on commercial MJ printers are primarily limited to col-
ored models and applications not subjected to heavy 
loads (such as molds) or used for prototyping purposes 
[110].

Binder jetting (BJ) is also an inkjet printing technique 
in which a liquid binder is strategically placed in layers 
of powder to fuse the particles and gradually form the 
desired structure in a layer-by-layer fashion [111]. A 
roller is used to evenly distribute the powder first onto 
the build plate and then onto a printhead, using a CAD 
file as guidance to precisely deposit the liquid binding 
agent. This binding agent assumes a glue-like role, tem-
porarily fortifying the printed object.

In BJ technology, postprocessing steps after print-
ing are crucial, including drying, curing, sintering, and 
infiltration, to enhance the strengths and stabilities of 
the printed objects. Because these postprocessing pro-
cedures are introduced selectively, BJ technology may 
effectively reduce the danger of fractures in printed prod-
ucts caused by irregular shrinkage, making it particularly 
suitable for printing with special materials, such as bio-
ceramics. Ahn et al. [112]. used BJ-based 3D printing to 
manufacture partially hydrated calcium sulfate (CSH) 
scaffolds in their study. The best compressive strength, 
modulus, and toughness are in the scaffold, in which the 
fracture behavior shows a decrease in brittleness. This 
process of creating composite scaffolds with BJ technol-
ogy presents a fresh perspective on the creation and use 
of bioceramic materials.

However, in the BJ technique, powders with diameters 
larger than 20 μm can be laid directly on the powder bed 
[102]. In addition, due to the usage of glue, BJ technol-
ogy may not produce printed items with the same density 
and strength as other 3D printing techniques. This find-
ing suggests that metal parts printed using BJ technology 
typically show poor mechanical properties, limiting their 
use in some high-strength and high-performance appli-
cations. Therefore, using BJ printing entails the consider-
ation of material, application, and process constraints.

Powder bed fusion
Powder bed fusion (PBF) encompasses subtechnolo-
gies such as selective laser sintering (SLS), selective laser 
melting (SLM), and electron beam melting (EBM), akin 
to BJ [113]. SLS is primarily used for polymers, while 
SLM and EBM processes are used for metal parts. SLS 
and SLM can be used to print complex designs; a key 
advantage of this technology is that it does not require 
the addition of solvents or polymers, thereby avoid-
ing potential structural shrinkage in further processing 
steps [114]. Additionally, unlike stereolithography and 
extrusion printing methods, SLS and SLM typically do 
not require temporary support structures when print-
ing complex structures, as the powder bed maintains 
the integrity of the sintered region during the printing 
process [115]. While EBM has a lower resolution, larger 
minimum feature size, and rougher surface finish than 
SLS and SLM, it has lower oxygen absorption in the 
final printed part; this reduced oxygen absorption level 
improves the mechanical properties, particularly in tita-
nium implant applications, due to the electron beam in a 
vacuum [8].

PBF has been recognized as one of the most suitable 
metal additive manufacturing methods in terms of qual-
ity and efficiency [116]. Liu et al. [117] utilized PBF to 
produce magnesium porous scaffolds and observed good 
biocompatibility and enhanced osteogenesis. Despite the 
success achieved with non-degradable metal scaffolds 
manufactured via PBF [118], the degradation rate of pure 
degradable metals remains relatively fast compared to 
fracture healing rates, resulting in void formation in the 
fracture area that hinders healing [119]. This challenge 
complicates the clinical application of PBF-manufactured 
bone scaffolds.

Future research could consider alloying degradable 
pure metals manufactured via PBF to provide customized 
mechanical, chemical, physical, and biological properties 
[47]. Additionally, depositing coatings on the surfaces 
of degradable metals could customize bone scaffolds to 
match fracture healing rates more effectively, thereby 
promoting better fracture healing [120].

The leap from 3D printing to bioprinting
3D printing of bone scaffolds represents a specific appli-
cation of 3D printing technology in bone tissue engineer-
ing. These scaffolds are designed as three-dimensional 
structures intended to provide mechanical support and 
serve as templates for new bone growth. They are used 
for repairing or regenerating damaged or lost bone tissue. 
In this context, 3D printing is employed to manufacture 
porous scaffolds with precise geometric shapes tailored 
to meet the patient’s needs. These scaffolds can be made 
from biocompatible materials such as ceramics or poly-
mers, and may include bioactive factors to promote bone 
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regeneration. Derived from 3D printed bone scaffolds, 
3D bioprinting is a novel technology that combines living 
cells, biomaterials, and growth factors to create complex 
three-dimensional structures mimicking natural tissues 
or organs.

Clinical translation of 3D bioprinting
3D bioprinting technology involves precise layer-by-layer 
deposition of bioinks containing cells to create func-
tional biological constructs [121]. Unlike 3D printing 
which constructs supportive bone scaffolds, the goal of 
3D bioprinting is to manufacture tissues or organs with 
biological activity. It typically requires specialized print-
ers, bioinks, and cell culture techniques [122]. The focus 
of 3D bioprinting is on using bioinks to create complex 
biological tissues or organs, whereas traditional 3D print-
ing of bone scaffolds concentrates on creating structures 
resembling bone tissue for tissue engineering applica-
tions. The former has broader applications in creating 
functional tissues, while the latter represents a specific 
application within the field of bone regeneration.

Bioprinting involves layer-by-layer deposition of spe-
cific bioinks that contain cells or growth factors with 
osteoinductive properties to build scaffolds, starting from 

a single cell type, thereby achieving control and high 
reproducibility in the scaffold manufacturing process 
[123]. Unlike acellular 3D printing, bioprinting elimi-
nates the possibility of uneven cell distribution, offering 
new possibilities for precise scaffold construction and 
positioning [124]. Bioprinting enables precise control of 
scaffold porosity and pore size, allowing for the precise 
deposition of growth factors and cells in predetermined 
architectures, such as vascular networks, to improve 
scaffold integration with bone tissue [125].

Currently, single-material non-cellular 3D printed 
bone scaffolds, such as Ossiform™ and Cerabone®, have 
been preliminarily applied in clinical practice. Rela-
tive to acellular 3D printing, 3D bioprinting remains 
nascent, primarily concentrating on proof-of-concept 
studies conducted in vitro or with small animal models. 
Some prospective (although in their early stages to date) 
applications include manufacturing feasible tissue struc-
tures shaped according to anatomy for the restoration 
of non-load-bearing bones [126]; creating intermediate 
templates for bulk bone regeneration [127]; minimally 
invasive in vivo bioprinting for immediate defect repair 
[128]; and facile generation of personalized models for 
disease modeling and drug screening to complement in 
vivo experiments [129], among others. So far, there are 
no bioprinted tissue engineering products on the mar-
ket, and even the number of products undergoing clini-
cal trials that we could find is extremely limited, which 
is a concerning fact. In 2023, Hao and colleagues [130] 
introduced the first case of using a self-developed 3D 
bioprinted active bone for bone defect repair. They pre-
pared a bone scaffold using bio-ink derived from the 
patient’s own platelet-rich plasma (PRP) combined with 
a polycaprolactone/β-tricalcium phosphate (PCL/β-TCP) 
composite scaffold material to repair the left tibia.

This situation is influenced by several complex underly-
ing reasons. First, achieving mechanically strong, large-
scale, and vascularized bone structures for addressing 
critical-sized defects is a significant challenge in bioprint-
ing [131], especially when considering reasonable speed 
and cost. Additionally, biomanufactured implants often 
face the issue of immaturity, and after implantation, they 
may lose their specified functions, potentially leading to 
long-term failure [132]. Lastly, autologous bone remains 
the gold standard in bone transplantation [133], and cur-
rently, there is no research demonstrating that bioprinted 
bone scaffolds can achieve better therapeutic outcomes 
than autologous bone. Moreover, there are uncertain-
ties in medical regulation and commercial models [134].
(Table 2).

Table 2 Advantages and disadvantages between 3D bioprinting 
and 3D printing of bone scaffolds

Bone scaffold 
bioprinting

Bone Scaffold 3D 
Printing

Objective Aims to construct 
complex biological 
tissues or organs.

Focuses on promoting 
bone regeneration and 
growth.

Direct Cell Printing Allows direct printing 
of cells.

Typically does not in-
volve direct cell printing.

Structural 
Complexity

Requires high struc-
tural complexity for 
both soft and hard 
tissues.

Focuses on medium to 
high structural complex-
ity for bone repair and

Biocompatibility Demands strict 
control to ensure 
cell survival and 
functionality.

Requires compat-
ibility with human 
tissues while providing 
appropriate support and 
environment.

Fabrication Time Usually longer due 
to layer-by-layer cell 
and scaffold printing.

May be shorter, depend-
ing on scaffold complex-
ity and materials used.

Cost Generally higher. Varies based on materials 
and printing technology.

Functionality Offers more complex 
structures and 
functions.

Provides bone-specific 
features, such as sup-
porting bone cells and 
releasing growth factors.

Customization Highly customizable. Limited customization.
Clinical Applications Still in the labora-

tory research stage, 
with limited clinical 
applications.

Already widely used in 
clinical settings.
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Challenges in the clinical translation of 3D bioprinting: 
limitations due to materials
Bioprinting grapples with substantial hurdles in achiev-
ing the desired balance between scaffold degradability 
and mechanical functionality. Addressing degradability 
challenges involves meticulous control over the scaf-
fold degradation rate. Excessively rapid degradation can 
undermine the tissue support function, while overly slow 
degradation may trigger inflammatory responses, com-
promising tissue regeneration [135]. Moreover, ensuring 
satisfactory mechanical performance necessitates the 
consideration of multiple indicators, such as compres-
sive strength, tensile strength, elasticity, and fatigue resis-
tance, during scaffold fabrication [136].

Hydrogels, as water-swollen porous networks, are ideal 
materials for cell encapsulation, tissue construction, and 
3D bioprinting. The hydrogels used in 3D bioprinting 
must also have adjustable substrate stiffness and be capa-
ble of network reconfiguration after printing, allowing 
for cell spreading, migration, proliferation, and interac-
tion. However, hydrogels typically have poor mechani-
cal properties [136]. Future researchers might explore 
the development of synthetic/natural hybrid bioinks by 
incorporating inorganic fillers and/or rigid thermoplas-
tic frameworks to enhance mechanical properties. Yang 
et al. [137] proposed a post-bioprinting strategy involv-
ing mechanical assistance to load cells immediately 
after scaffold fabrication. They constructed hollow fiber 
hydrogel scaffolds (HHS) with mechanically respon-
sive large-scale complex structures. Due to their hollow 
structure, HHS exhibited attractive elasticity, rapid shape 
recovery, and excellent fatigue resistance, making them 
highly responsive to load sensors in a rapid, uniform, and 
precise manner.

Challenges in the clinical translation of Bioprinting: 
limitations of Printing methods
Bioprinting technologies primarily utilize three main 
printing methods: VP, BJ, and ME. These methods oper-
ate on principles similar to traditional 3D printing but 
have specific limitations concerning cell viability. VP 
uses large vats of photoactivatable bioresin to create 
cell-laden 3D structures point by point, layer by layer, or 
volumetrically with computer assistance [138]. Differ-
ent photoinitiators (PI) promote crosslinking to produce 
high-resolution complex tissues. However, excessive free 
radicals from PIs can damage cells, while insufficient PI 
concentration limits bioink photocuring, affecting the 
mechanical properties and resolution of the printed 
structures [139].

Drop-on-demand (DOD) material jetting is ideal 
for non-contact deposition and patterning of vari-
ous cells and biomaterials, enhancing cell-cell and cell-
matrix interactions. In DOD bioprinting, the impact of 

cell-laden bioink droplets affects print quality and cell 
viability. Higher cell concentrations slow droplet impact 
speed, improving cell survival and reducing splashing. 
Limiting print time per layer to 2  min prevents exces-
sive droplet evaporation, maintaining high cell viability. 
Studies recommend a cell concentration of 4 million/mL 
and a print duration of 2 min [140]. Research by Ng et al. 
shows that higher bioink viscoelasticity stabilizes drop-
lets before they break from the nozzle, improving deposi-
tion accuracy and reducing splashing [141].

Shear stress is the primary cause of cell damage/death 
in ME [142]. Cell damage increases exponentially with 
shear stress, starting from zero at no stress to 100% at 
high stress. This impact is controlled by material prop-
erties and printing parameters. Optimal bioinks have 
low viscosity under shear stress and higher viscosity 
post-printing to maintain shape and cell viability. Ataie 
et al. developed nanostructured bioinks using reversible 
nanoparticle assembly, enhancing printability and shape 
fidelity [143]. Key parameters affecting shear stress and 
cell viability include dispensing pressure, nozzle diam-
eter, and geometry. Higher dispensing pressure reduces 
cell viability. Smaller nozzle diameters increase shear and 
tensile stress. Cells in cylindrical nozzles have ten times 
lower viability than those in conical nozzles [144].

Enhancing biomimicry in scaffolds is a critical bio-
printing challenge. While imaging technologies help with 
3D defect shape, replicating microstructures is difficult. 
The STL format represents models as a triangular mesh 
of surfaces, lacking internal structure and attribute infor-
mation of objects. Because it only captures geometric 
shapes and cannot convey details like color and texture, 
printing complex models in STL may lead to issues such 
as truncation errors, inconsistent normals, incorrect 
intersections, and small planar degeneracies. Addition-
ally, STL format lacks mechanisms to ensure geometric 
watertightness, making the repair of erroneous STL files 
time-consuming and error-prone, while lacking descrip-
tions of topology, process-related, and auxiliary informa-
tion [145]. In contrast, the AMF format builds upon STL 
by incorporating color, texture, material properties, and 
supports multiple 3D printing technologies. AMF also 
preserves internal structure and attribute information of 
objects, facilitating subsequent simulation and analysis 
[146]. However, the AMF format’s adoption in the AM 
industry has been limited primarily due to insufficient 
consultation with major AM system developers prior to 
its adoption [147].

In addition to rapid technological advancements, 
establishing a cohesive open-source bioink database can 
be highly beneficial for addressing this issue. Such a data-
base would allow researchers to access existing bioink 
formulations and printing parameters quickly and effi-
ciently, thereby improving the manufacturing efficiency 
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and accuracy of scaffolds. As community-driven data-
bases continue to grow, designing innovative yet rela-
tively complex bioinks with predictable performance 
should be facilitated, thus promoting the development of 
bioprinting technology [148].

Challenges in the clinical translation of 3D bioprinting: 
limitations due to cells
BTE therapy based on bioprinting revolves around key 
principles: isolating and cultivating a large quantity of 
regenerative-capable cells, integrating them into bio-
printed structures, ensuring these structures reach a 
mature level suitable for tissue repair, and ensuring 
recipient acceptance post-transplantation [112]. Cells 
are pivotal participants in bone tissue engineering, cru-
cial for bone formation and regeneration [149–151]. 
On one hand, cells serve as fundamental units for new 
bone tissue formation. By introducing bone cells (such 
as osteoblasts, chondrocytes, etc.) or stem cells capable 
of differentiation into bone cells, they can promote the 
formation and growth of new bone tissue supported by 
biomaterials, thereby accelerating the healing process of 
fractures or bone defects [152]. On the other hand, the 
presence of cells enables the engineered constructs in 
bone tissue engineering to interact with surrounding 
host tissues. Through the release of growth factors and 
extracellular matrix, they regulate the local environment, 
aiding in the maintenance and promotion of new bone 
tissue growth [153, 154]. Additionally, cells can assist in 
material degradation, supporting the steady degradation 
of biomaterials [155]. In the process of preparing cells for 
bone tissue engineering, at least three aspects need con-
sideration: cell selection, cell source, and cell expansion.

As for cell selection, despite the explosion of various 
methods for generating stem or functional cells for medi-
cal purposes, the most effective cell type has not been 
definitively determined. Primary-derived cells exhibit 
lower immunogenicity, enhanced self-assembly capa-
bilities, and a genetic background similar to recipients, 
which potentially allows them to form complex micro-
structures. However, they have limited lifespans and raise 
ethical concerns. Isolated primary cells are typically frag-
ile and prone to high mortality rates due to the stresses 
of temperature, pressure, and shear forces during 3D bio-
printing processes [156]. Considering that cell lines can 
be cloned and expanded massively, generating cell popu-
lations with identical genetic characteristics [157], this 
uniformity permits the manufacture of homogeneous 
tissues and organs, ensuring consistent and reliable out-
comes of printed structures. Furthermore, cell lines are 
easier to handle and cost-effective, capable of withstand-
ing environmental changes and mechanical stress [158]. 
Cell lines thus emerge as an alternative, yet their signifi-
cant drawback lies in often being unable to fully replicate 

the mature and specialized functions of correspond-
ing cells in vivo. Moreover, carrying gene mutations 
increases the risk of tumor formation [159].

Stem cells, due to their ability for self-renewal and 
multilineage differentiation, are favored seed cells for 
3D printing applications. Their advantage of sharing the 
same genetic background helps significantly reduce the 
risk of immune rejection after transplantation into the 
body. However, the proliferative capacity of stem cells 
decreases as they differentiate, limiting their ability to fill 
3D constructs. Induced pluripotent stem cells (iPSCs), 
derived from adult cells through genetic reprogramming 
techniques, also present a promising cell source. Yet, 
iPSC generation is complex, time-consuming, and carries 
risks of epigenetic abnormalities and potential tumorige-
nicity of undifferentiated pluripotent stem cells. Another 
strategy involves using specific differentiated cells to aid 
in constructing tissue or organ models, but this approach 
may be more expensive and complex. Moreover, the rela-
tively low efficiency of differentiation hinders its applica-
tion [160].

It is worth noting that recent research has discovered 
cell-derived exosomes carrying genetic characteristics of 
their parent cells. In bone tissue engineering, combin-
ing cell-derived exosomes with 3D printing technology 
holds promise as a new “cell-free” regenerative medicine 
approach. Han et al.‘s [161] study successfully released 
exosomes derived from periodontal ligament cells 
loaded into 3D bioprinted hyaluronic acid scaffolds. This 
approach significantly enhanced cell attachment of mes-
enchymal stromal cells from human buccal fat pad and 
promoted ligament, osteogenic, and dentinogenic differ-
entiation. (Fig. 4)

Regarding cell source, cells can be obtained from the 
patient’s own body (autologous) or from donors (alloge-
neic), and each source has its pros and cons, with factors 
like the risk of rejection and ethical considerations need-
ing to be taken into account. In terms of cell expansion, 
a persistent challenge is how to effectively expand these 
cells while preserving their phenotype and function. 
Some solutions, including exploring alternative sources 
of cells such as induced pluripotent stem cells (iPSCs) 
and improving culture systems and protocols [162], may 
help address this issue.

Challenges in the clinical translation of 3D bioprinting: 
limitations due to regulatory
When preclinical research is successful and ready for 
clinical translation, obtaining regulatory approval from 
relevant management authorities worldwide is necessary. 
These regulatory agencies may include the U.S. Food 
and Drug Administration (FDA), the National Institutes 
for Food and Drug Control (NIFDC) in China, and the 
European Medicines Agency (EMEA) among others. 
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Fig. 4 The long-term outcomes of a two-week osteogenic and ligamentous differentiation in hBFP-MSCs cultured on bioprinted sEV scaffolds were as-
sessed. (a) Osteogenic assay showed increased ALP staining, indicating more ALP-positive cells after 2 weeks on bioprinted GelMA/hPDLCs-sEV scaffolds. 
(b) Alizarin Red staining and (c) its quantification demonstrated enhanced osteogenic differentiation on bioprinted sEV constructs. (d) Toluidine blue 
staining showed ligamentous differentiation of hBFP-MSCs on bioprinted sEV constructs after 2 weeks. (Copyright 2024, Biomaterials Advances)
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The application process encompasses the entire lifecycle 
of the product, covering conceptualization, prototype 
development, preclinical research, clinical trials, pre-
market assessment, industrialization and commercializa-
tion, as well as post-market surveillance [163].

In particular, the “concept to product” translation of 
biomaterial devices worldwide largely depends on the 
successful execution of the following steps [164]: (1)
Conceptualization: New device concepts are developed 
based on the expertise of academic researchers and spe-
cific patient needs in clinical settings. (2)Feasibility Test-
ing: The device’s feasibility is validated in the laboratory 
environment and on a larger scale to ensure its function-
ality and practicality. (3)Regulatory Testing: The device 
is subjected to rigorous testing according to established 
regulatory standards to collect convincing data on bio-
compatibility, efficacy, and performance through bench-
top and in vitro/in vivo experiments. (4)Regulatory 
Approval: The collected data is submitted to designated 
regulatory agencies for a comprehensive multi-criteria 
review, aiming to clear regulatory hurdles and obtain 
approval. (5)Manufacturing and Quality Control: Once 
the device receives approval (often through patents and 
trademarks), it undergoes appropriate quality control 
measures and is manufactured according to Good Man-
ufacturing Practices (GMP) before entering the market 
and clinical settings.

Completion of the above steps for bioprinted scaffolds 
requires a prolonged clinical follow-up and application 
process. As an example, FDA review standards require 
11, 9 and 6 years for drug, biologic and medical device 
approvals, respectively [165]. To expedite the approval 
process and facilitate successful clinical translation of 
bioprinted medical devices, it is essential to conduct 
thorough safety and efficacy evaluations and define clear 
instructions for use in advance. This includes accurately 
describing the intended purpose, patient population, and 
usage conditions/places. By providing such well-defined 
information, the approval process can be accelerated, 
leading to smoother clinical translation and faster deliv-
ery of bioprinted medical devices to patients, ultimately 
improving healthcare and treatment outcomes [166].

Frontier of 3D printing: 3D Bioprinted Organoids
While bioprinting technology has made rapid advance-
ments, our ability to print biologically meaningful, clini-
cally relevant, and appropriately sized bio-replacements 
remains limited to a few types of tissues. The central 
challenge persists: how to incorporate regenerative-capa-
ble cells into bioprinted constructs that mature to a level 
suitable for tissue repair and ensure acceptance by the 
recipient during subsequent transplantation. These tis-
sues still rely on the body’s ability to remodel tissue struc-
tures and populate them with cells [167].

For those aiming to bioprint solid organs with multiple 
cell types, such as bones, co-culturing poses challenges 
[168]. In vivo tissue formation heavily relies on precisely 
regulated morphogenetic processes, allowing local inter-
actions among cell populations and self-organization. 
Iterative interactions between these local developmen-
tal units guide continuous cycles of cell differentiation 
and pattern formation, ultimately establishing biological 
complexity on a large scale [169–172]. Despite extensive 
research, the optimal timing and proportions of these cell 
interactions remain largely unknown. Current bioprint-
ing practices involve dispersing cells of different lineages 
together, yet they fall short of achieving effective and pre-
dictable functionality.

Organoids, on the other hand, offer a promising ave-
nue. These multicellular three-dimensional structures 
are cultivated in vitro and exhibit microscopic anatomi-
cal features reminiscent of source organs [173]. While 
not true organs, organoids closely mimic organ-specific 
cellular composition and spatial organization [174]. They 
contain various organ-specific cell types arranged in pat-
terns similar to their source organs. Additionally, they 
exhibit some of the specific functions associated with 
their source organs. In recent years, the development of 
organoids has provided new opportunities to address the 
challenges faced in bioprinting.

Organoid manufacturing and innovative bioprinting
Currently, organoids represent the most accurate in vitro 
model systems closely mimicking the in vivo tissue con-
text, offering a promising avenue for personalized medi-
cine [175]. Defined as “3D cell clusters entirely derived 
from embryonic stem cells, induced pluripotent stem 
cells, or native tissues capable of self-renewal and self-
organization, exhibiting organ-like functions similar to 
native tissues,” organoids may “rely on artificial extracel-
lular matrix (ECM) to promote their self-organization 
into structures resembling native tissue“ [176]. Lever-
aging their unique self-organizing potential, stem cell-
derived organoids hold the potential to construct tissue 
structures and cellular compositions with local features 
unmatched by engineering approaches [177].

Bioprinting enables precise manipulation of structural 
characteristics, including structure, mechanical proper-
ties, cell arrangement, and biological cues, allowing the 
imitation of natural tissues [178]. In comparison to tradi-
tional 2D and 3D cultured organ systems, 3D bioprinting 
offers advantages such as high throughput, high preci-
sion, and automation [179]. By mimicking developmen-
tal biological pathways, 3D bioprinting can maximally 
restore in vivo microenvironments, allowing the design 
of multi-layered tissue structures closely mimicking joint 
anatomical geometry. Furthermore, due to its spatial 
characteristics and mechanical structure, bone organoids 
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constructed through 3D bioprinting can withstand high 
levels of compression and shear loads present in joint 
implants.

Research by Little et al. [180] demonstrates that the 
use of 3D bioprinting technology for the automated fab-
rication of self-organizing kidney organoids matches 
the morphology, cellular composition, and gene expres-
sion levels achieved through manual construction, sig-
nificantly increasing production efficiency by nine times 
(approximately 200 organoids in 10  min). Professor 
Humphreys [181] notes that one challenge in organoid 
processes is batch-to-batch variations, which bioprinted 
organoids greatly improve, exhibiting a very low size 
variation coefficient of 1–4%.

Taking innovation further, Lutolf et al. [182]. combined 
organoid manufacturing and 3D bioprinting in the Bio-
printing-Assisted Tissue Emergence (BATE) technique. 
Leveraging stem cells and organoids as self-organizing 
building units, they spatially arranged these units to form 
interconnected and continuously evolving cellular struc-
tures. Their real-time observation bioprinting system, 
integrating a microextrusion system with a microscope 
equipped with a 3D motion platform, opens up exciting 
possibilities for spatiotemporally combined bioprinting 
based on automatic microscopy.

Cells for 3D bioprinted organoids
Establishing the cell source is a pivotal step in construct-
ing bone organoids. Both pluripotent stem cells (PSCs) 
and adult stem cells (ASCs) demonstrate the potential to 
form organoids by mimicking the required biochemical 
and physical signals for tissue development and homeo-
stasis [183].

PSCs, known for their ability to differentiate into 
various cell types, possess remarkable developmental 
potential, theoretically capable of generating any cell con-
stituting the entire organism [184]. Zhang et al. innova-
tively utilized hPSCs to generate spheroids, successfully 
inducing neural lineage differentiation and reproducing 
the structure of the neural tube in vitro [185]. While vari-
ous protocols for cultivating organoids from PSCs exist, 
these methods often take months, requiring precise addi-
tion of specific growth factor combinations at each step 
[186, 187].

In terms of cell sourcing, induced pluripotent stem 
cells (iPSCs) offer significant advantages. Easily isolated 
from autologous fibroblasts, iPSCs can be reprogrammed 
into various cell types, facilitating the construction of 
genetically consistent complex systems. Crucially, iPSCs 
retain the patient’s genetic information, providing a pow-
erful tool for establishing patient-specific models of bone 
diseases, drug testing, and discovery [177].

The Clevers team achieved the first derivation of intes-
tinal organoids from AdSCs after identifying intestinal 

stem cells [188]. In comparison to PSC-derived organ-
oids, AdSC-derived organoids can be obtained more rap-
idly and directly from regenerative human adult tissues 
[174]. However, due to the limited differentiation poten-
tial of AdSCs, the organoids they derive typically only 
contain a single epithelial cell type. Despite this limita-
tion, these organoids are closer to adult tissue in terms of 
maturity, presenting potential applications in adult tissue 
repair [186].

Clinical Ttanslation of 3D bioprinted organoids
Organoids and 3D bioprinting stand out as two major 
research frontiers in the field of tissue engineering. While 
the utilization of 3D bioprinting to manufacture organ-
oids is still in its early stages, the combination of these 
technologies has already demonstrated significant poten-
tial, hinting at broad developments and applications in 
the future. In the realm of bone tissue engineering, the 
successful transformation enabled by organoids is par-
ticularly noteworthy, especially in constructing models of 
bone organs. Traditional 2D and 3D cell culture models 
have substantial limitations in simulating the complexity 
and physiological functions of joint tissues in the body, 
whereas organoid technology can more authentically rep-
licate the pathological states of joints at the organ level.

Moreover, establishing animal models for bone dis-
eases relies on time-consuming, labor-intensive, and 
costly methods such as surgery, drug administration, and 
gene knockout [189]. In contrast, building bone organ-
oids is expected to significantly reduce the development 
cycle, decrease research costs, and simulate realistic bone 
defect scenarios without sacrificing animals. Notably, 3D 
bioprinting has become a crucial means of constructing 
bone organoids. It can accurately replicate the intricate 
structure of bones, providing robust technical support 
for in vitro regenerative bone organ development [180].

Currently, preclinical evaluations of bone implant bio-
materials (such as medical metals, ceramics, and poly-
mers) heavily rely on animal experiments, which not 
only sacrifice numerous animal lives but also often yield 
inconsistent results in human clinical trials due to inter-
species differences [190]. In comparison, organoids 
constructed from a patient’s own tissues can effectively 
avoid the data mismatch problem caused by species dif-
ferences, thus achieving more accurate preclinical assess-
ments of drugs and bone implant biomaterials [191]. 
This undoubtedly opens up new research directions and 
possibilities for the treatment of bone diseases and the 
regeneration and repair of bone tissues.

The ultimate goal of bioprinting is to achieve bone 
regeneration, replacing damaged or normal organs with 
healthy tissues in vitro to achieve immunosuppression-
free, disease-free, and reduced-toxicity effects. This 
approach aims to avoid the substantial economic burden 
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associated with lifelong immunosuppressive therapy. 
Chang et al. [192] achieved rapid bone regeneration in a 
bone defect model by combining DLP printing technol-
ogy with hydrogel microspheres loaded with BMSCs. The 
engineered bone callus-like organ demonstrated effec-
tive bone defect regeneration in rabbits within 4 weeks, 
a significant improvement over previous tissue engineer-
ing studies which typically required 2–3 months. Fur-
thermore, Gabriella et al. [193]reported an innovative 
engineered wound healing tissue organ. The bone callus 
organ they synthesized can spontaneously undergo bio-
assembly, forming large engineered tissues and conse-
quently healing critical-size long bone defects in mice 
(Fig. 5).

In addition to the mentioned applications, the bone-
related cells and bone growth factors produced by bone 
organoids can serve as bioactive components, inducing 
the bone regeneration process. For instance, Diomede 
et al. [194] found that cultivating stem cells on cortical 
spongy scaffolds enhances osteogenic activity, thereby 
accelerating bone regeneration. However, to achieve 
clinical translation of bioprinted bone organoids, more 
research is needed. This includes in-depth investigation 
of the biological characteristics of bone organoids, opti-
mizing bioprinting techniques to improve precision and 
efficiency, and exploring suitable clinical application 
scenarios.

Strategies for Bioprinting to enable clinical 
translation
To date, repairing irregular bone defects remains a major 
challenge because of the high treatment costs and sub-
optimal outcomes. In this regard, 3D-printed scaffolds 
are playing an increasingly important role. Certain acel-
lular 3D-printed bone scaffolds have already achieved 
successful clinical translation through FDA approval, 
such as 3D-printed titanium spinal implants, sacroiliac 
joints, and total knee joints. Similarly, specific biode-
gradable 3D-printed bone scaffolds, such as Osteoplug™, 
OsteoplugTM−C, and Osteopore®, have been successfully 
clinically translated [195].

However, acellular 3D-printed scaffolds are limited to 
offering mechanical support, and they lack the ability to 
foster bone regeneration. In recent years, new research 
has focused on 3D bioprinting techniques that involve 
incorporating cells and growth factors to improve the 
results of bone regeneration. However, there are no cases 
of 3D-bioprinted bone scaffolds that have successfully 
translated to clinical applications to date. Recently, there 
have been studies combining bioprinting with organ-
oids. Unfortunately, these new technologies require con-
siderable development until clinical translation can be 
achieved. To overcome the obstacles and achieve clinical 

translation of 3D-printed bone scaffolds, future research 
is anticipated to prioritize the following areas.

Composite material advancements
Thus far, there is no single material that can perfectly 
meet all the ideal standards for bone scaffolds. Many 
criteria for achieving the ideal performance of bone 
scaffolds are conflicting in materials. For instance, 
while many applications require scaffolds to have good 
mechanical stability, rapid degradation capability is nec-
essary to promote tissue growth. The complexities and 
challenges in material selection arise from conflicting 
requirements.

The amalgamation of optimal mechanical attributes 
and cell-friendly traits within a singular tissue engi-
neering construct has demonstrated potential [23]. 
Researchers should focus on exploring deeply to develop 
composite materials with higher bioactivity. The develop-
ment of composite materials aims to overcome inherent 
limitations of biomaterials by integrating different types 
of biomaterials to harness synergistic effects from their 
unique advantages [150]. These scaffolds incorporate a 
variety of matrices, among which polymer-ceramic com-
posites stand out. They effectively combine the toughness 
of polymers with the compressive strength of ceramics, 
mimicking the natural properties of bone tissue. This 
integration results in outstanding mechanical perfor-
mance and ideal degradation rates [196].

Wang et al. [197] used fused deposition modeling 
(FDM) technology to create poly(lactic acid) (PLA) 
and nano-hydroxyapatite (n-HA) composite scaffolds. 
The printed scaffolds exhibited adjustable mechani-
cal strength, depending on the proportion of the n-HA 
component. Their biocompatibility and osteoinductive 
properties were superior to pure PLA scaffolds. Janmo-
hammadi [198] developed 3D-printed polycaprolactone 
scaffolds (M-PCL) integrated with tragacanth gum-
45S5 bioactive glass (TG-BG) to treat critical-sized cra-
nial defects in adult female Wistar rats. This integration 
enhanced the biomechanical properties during bone 
remodeling, promoting bone integration and repair, and 
increased the expression of Runx2 and type I collagen.

Improved printing methods
To accurately replicate the bone microenvironment, it 
is vital to enhance the resolution of printing technolo-
gies to the submicrometer scale. However, traditional 
3D printing devices typically use fixed-size print heads 
or nozzles, which inevitably sacrifice printing resolu-
tion due to limitations in nozzle size and precision [199]. 
Additionally, many materials suitable for high-resolution 
printing often do not meet the requirements for biocom-
patibility. 3D printing usually involves building objects 
by layer-by-layer deposition, and the thickness of these 
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layers also limits the printing resolution. Research by 
Rachel Schwartz et al. [200] reported that encapsulating 
cells reduced the stable shear viscosity of gelatin-based 
bioinks by approximately 50%, ultimately compromising 
the resolution of bioprinting. In summary, the resolution 

achieved by existing printing technologies remains rela-
tively limited due to constraints in printer hardware, ink 
performance, and other factors [201]. Additive manu-
facturing solutions can enhance resolution by integrat-
ing existing technologies or developing new methods. 

Fig. 5 Bioprinted organoid for repairing bone defects in BTE. (A) Assembly of osteo-callus organoids into bone-like tissue [192]. New bone formation 
4 weeks after implantation with (a) H&E and (b) Masson staining. (Copyright 2022, Elsevier). (B) The organoid promotes long bone healing [193]. In vivo 
implantation of (a) Hematoxylin and eosin (H&E), (b) Safranin O, (c) Masson’s Trichrome (M’s T), and (d) hOCN. (Copyright 2019, Advanced Science)
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With continuous advancements in printing technol-
ogy and deeper research, these limitations are expected 
to gradually be overcome, leading to higher-resolution 
bioprinting.

Li et al. [202] proposed a method for 3D printing con-
centrated nanocrystal solutions without the addition of 
polymers or monomer additives. In this approach, nano-
crystals are inherently encapsulated with ligands, and 
then local selective covalent bonds are formed between 
adjacent nanocrystals using two-photon radiation. This 
method enables direct writing of 3D structures with 
micron-level resolution without altering the intrinsic 
properties of the nanocrystals.

Bio-printed organoids
In the process of bioprinting bone scaffolds, achiev-
ing self-organization and co-culture of cells remains the 
greatest challenge. The complex interactions between dif-
ferent types of cells make it difficult to precisely control 
their differentiation directions within bone tissue. This 
significantly impedes the successful integration of bio-
printed scaffolds carrying cells by recipients [203].

Compared to traditional cell-free 3D printed scaffolds, 
organoids can more accurately simulate physiological cell 
composition and behavior, mimicking real organ struc-
ture and function to a greater extent, and allowing for 
long-term stable passage culture. The integration of bio-
printing with organoids is crucial for the development of 
3D printed bone scaffolds.

Wang et al. [204]. utilized a novel bioink composed of 
GelMA/AlgMA/HAP to manufacture highly complex 
bone-like organs via bioprinting. The bioprinted scaffolds 
facilitate long-term cultivation and gradual maturation of 
a wide range of bioprinted bone-like organs, promoting 
multicellular differentiation and offering valuable insights 
into the initial stages of bone formation. The inherent 
self-mineralization properties of the bioink closely mimic 
natural bone characteristics, enhancing the bone repair 
capability of these organoids for both in vitro and in vivo 
applications.

Artificial Intelligence and Machine Learning
Artificial Intelligence (AI) and Machine Learning (ML) 
applications continue to advance, bringing numerous 
innovations to the field of 3D printing of bone scaffolds. 
In the realm of 3D printing bone scaffolds, the introduc-
tion of AI/ML technologies has made medical procedures 
more precise and personalized. Using patients’ medical 
imaging data such as CT scans, MRI scans, etc., doctors 
can obtain detailed information about the patient’s bone 
structure and employ AI techniques to process and ana-
lyze this data [205]. These technologies can automatically 
identify and extract key features, such as the size, shape, 
and location of bone defects, providing precise guidance 

for scaffold design. Furthermore, machine learning algo-
rithms can predict optimal scaffold design parameters 
based on individual patient differences and recovery 
needs, such as porosity and material type, enabling truly 
personalized treatments [206].

AI/ML technologies play a crucial role in the design 
process of bone scaffolds. Through algorithms like deep 
learning and neural networks, machines can autono-
mously learn and optimize scaffold design parameters 
such as structural strength, biocompatibility, and biome-
chanical performance [207]. These algorithms can gener-
ate a large number of design options in a short time and 
assess their feasibility and effectiveness through simula-
tion analysis. This efficient design and optimization pro-
cess significantly shortens product development cycles, 
enhancing the quality and performance of bone scaffolds 
[208].

Moreover, machine learning algorithms can monitor 
and analyze various stages of the manufacturing process 
in real-time, promptly identifying potential issues and 
making adjustments to ensure the quality and consis-
tency of bone scaffolds [209, 210].

Conclusions and prospects
To date, repairing irregular bone defects remains a major 
challenge because of the high treatment costs and sub-
optimal outcomes. In this regard, 3D-printed scaffolds 
are playing an increasingly important role. Certain acel-
lular 3D-printed bone scaffolds have already achieved 
successful clinical translation through FDA approval, 
such as 3D-printed titanium spinal implants, sacroiliac 
joints, and total knee joints. Similarly, specific biode-
gradable 3D-printed bone scaffolds, such as Osteoplug™, 
OsteoplugTM−C, and Osteopore®, have been successfully 
clinically translated [195]. However, acellular 3D-printed 
scaffolds are limited to offering mechanical support, 
and they lack the ability to foster bone regeneration. In 
recent years, new research has focused on 3D bioprinting 
techniques that involve incorporating cells and growth 
factors to improve the results of bone regeneration. How-
ever, there are no cases of 3D-bioprinted bone scaffolds 
that have successfully translated to clinical applications 
to date.

In this article, we provide a comprehensive review of 
the published research up to the time of writing, focusing 
on 3D printed scaffolds and bio-3D printed scaffolds. We 
detail the current state of research and development chal-
lenges in the field of bone tissue engineering from mul-
tiple perspectives, including materials, printing methods, 
and cell culture. Traditional 3D printed scaffolds rely 
solely on materials to provide structural support and 
mechanical stability, without promoting cell growth and 
tissue regeneration. In contrast, bio-3D printing inte-
grates biomaterials with living cells, successfully creating 
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more complex and functional bone scaffolds, but it still 
faces numerous challenges: on one hand, how to achieve 
cell self-organization and co-culture during the 3D print-
ing process is a pressing issue; on the other hand, clini-
cal translation remains another significant hurdle. The 
rapid development of organoid technology has brought 
new opportunities and challenges to the advancement 
of bio-3D printing technology. Combining bioprinting 
with organoid technology is the future of bio-3D print-
ing, a topic we highlight in this article. Beyond laboratory 
research, we also explore in depth the three core chal-
lenges facing the clinical translation of 3D printing tech-
nology and offer detailed suggestions for addressing these 
challenges.

In summary, although the prospects for 3D bioprint-
ing are promising, many technical issues remain to be 
resolved to achieve this vision, such as optimizing the 
biocompatibility of printing materials, improving print-
ing resolution and speed, and precisely controlling cell 
distribution. With ongoing scientific research and tech-
nological advancements, we believe that bio-3D printing 
technology will gradually become a crucial pillar in the 
future of tissue engineering and regenerative medicine, 
providing more effective and personalized treatment 
options for patients, which is truly exciting.
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