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ABSTRACT

Bone has an inherent ability to regenerate; however, this capacity is often insufficient in cases
of large, critical-sized, or complex defects caused by trauma, tumor removal, infection, or
degenerative diseases. Traditional methods, including autografts, allografts, and xenografts,
are limited by donor site issues, immune rejection, infection risks, and poor integration with
the host tissue. Bone tissue engineering (BTE) has become a promising alternative, using stem
cells, scaffolds, and bioactive substances to create a biomimetic environment that promotes
osteogenesis and tissue regeneration. This study provides a comprehensive review of current
strategies in BTE, emphasizing cell- and growth factor—based approaches, scaffold design, and
nanocomposite systems, while critically discussing the major challenges and future perspectives
for advancing the development of effective, translatable therapies for bone regeneration.
Scaffolds provide a temporary three-dimensional extracellular matrix, guiding cell adhesion,
proliferation, and differentiation while gradually degrading as new tissue forms. A wide range of
materials, including natural and synthetic polymers, bioceramics, and bioactive glasses, has been
explored. The integration of nanocomposites with bioactive fillers, such as nano-hydroxyapatite
and graphene oxide, further enhances mechanical strength, osteoconductivity, and cellular
interactions. Despite these advances, critical challenges remain, including achieving adequate
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Highlights
e BTE offers viable biomimetic alternatives for critical-sized bone defects.
e Stem cells and growth factors enhance osteogenic differentiation and healing.
e Polymeric and bioceramic nanocomposites improve scaffold mechanical strength.
e Incorporation of nHA and GO promotes biomineralization and cell growth.

e Vascularization and degradation matching remain critical BTE challenges.
Plain Language Summary

Bone has a natural ability to heal itself after minor injuries such as small fractures. However, when large amounts of
bone are lost due to severe accidents, cancer surgery, or serious infections, the body cannot repair the damage on its
own. Currently, surgeons often take healthy bone from another part of the patient’s body or use donor tissue. While
these methods help, they carry risks such as pain at the donor site, tissue rejection, and infection. Bone tissue engineer-
ing (BTE) offers an innovative solution by combining laboratory-grown cells, supportive structures called scaffolds,
and biological signals to help the body grow new, healthy bone. In this review, we examine the most recent advances
and challenges in this field. We highlight how modern materials such as biodegradable plastics combined with micro-
scopic ceramic particles can create artificial bone frameworks that mimic natural skeletal strength and support living
cells. Despite promising progress, critical hurdles remain before these treatments can be widely used in hospitals. En-
suring that new blood vessels grow into the engineered tissue to nourish it, matching the rate at which artificial materi-
als dissolve as real bone forms, and avoiding unwanted inflammation are the key challenges ahead. Overcoming these
barriers will help bring safer, more effective bone regeneration therapies to patients worldwide.

limited tissue availability, and increased surgical time.
Allografts and xenografts, although more accessible,
carry risks such as immune rejection, disease transmis-

Introduction

one, as a specialized form of connective
tissue, plays a crucial role in providing
mechanical support, protecting vital or-
gans, maintaining mineral homeostasis,
and supporting hematopoiesis [1]. Be-
cause of its unique cellular composition

sion, infection, and inadequate integration with the host
bone [6, 7]. These limitations highlight the urgent need
for alternative therapeutic strategies that promote effi-
cient and reliable bone regeneration [8, 9].

and capacity for dynamic remodeling, bone can regener-
ate after injury [2]. However, this regenerative potential
is limited in cases of large, critical-sized, or complex
defects caused by trauma, tumor resection, congenital
abnormalities, infection, or degenerative diseases [3].
Under such conditions, spontaneous healing is inad-
equate, leading to impaired function and reduced qual-
ity of life for patients. Bone defects also impose a sig-
nificant clinical and socioeconomic burden worldwide.
Patients suffering from extensive bone loss often require
multiple surgical procedures, prolonged hospitalization,
and long-term rehabilitation [4]. Conventional clinical
interventions, including bone grafting, remain the cor-
nerstone of treatment; however, these approaches have
notable drawbacks [5]. Autografts, although considered
the gold standard, are limited by donor site morbidity,

Recent advances in biomaterials science have signifi-
cantly expanded the range of materials available for scaf-
fold fabrication, including natural polymers, synthetic
polymers, bioceramics, and bioactive glasses. Synthetic
polymers such as poly (lactic acid) (PLA), polycaprolac-
tone (PCL), and poly (lactic-co-glycolic acid) (PLGA)
are widely used because of their tunable mechanical
properties, controlled degradation rates, and process-
ability with advanced fabrication techniques such as
electrospinning and three-dimensional (3D) printing.
However, their limited bioactivity and suboptimal cell
adhesion properties remain key challenges [8, 10]. To
address these limitations, nanotechnology has emerged
as a transformative tool in bone tissue engineering
(BTE). Incorporating nanoscale bioactive fillers, such as
nano-hydroxyapatite, graphene oxide, and other nano-
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Table 1. Comparison of scaffold materials used in BTE

2027. Volume 2

Material Class Common Examples

Key Advantages

Main Limitations Typical Applications

Natural polymers Collagen, gelatin,

Tunable mechanical properties,
controlled degradation, and easy
processing

chitosan
Synthetic polymers PLA, PCL, PLGA
. . Hydroxyapatite,
Bioceramics B-TCP

PLA/nHA, PCL/GO,
PLGA/HA

Nanocomposites /
Hybrid scaffolds

High biocompatibility, excellent
cell adhesion, bioactivity

High osteoconductivity, chemical
similarity to bone

Enhanced mechanical strength,
improved osteogenesis, and
biomimetic structure

Low mechanical
strength, rapid degra-
dation

Small defects, soft—
hard tissue interfaces

Low intrinsic bioactiv-
ity, acidic degradation
by-products

Load-bearing scaffolds,
custom-designed
constructs

Brittleness, poor
tensile strength

Bone fillers, coatings,
and defect repair

Critical-sized defects,
advanced bone regen-
eration

Complex fabrication,
scalability challenges

Abbreviations: HA: Hydroxyapatite; nHA: Nano-hydroxyapatite; GO: Graphene oxide; PLA: Poly(lactic acid); PCL: Polycap-

rolactone: PLGA: Poly(lactic-co-glycolic acid).

structured additives, into polymeric matrices has en-
abled the development of composite and nanocomposite
scaffolds with enhanced osteoconductivity, mechanical
performance, and biological functionality [11]. These
nanostructured systems more closely resemble the hier-
archical architecture of natural bone tissue and promote
improved cell-material interactions, thereby enhancing
osteogenic differentiation and mineralization [12].

Despite significant progress, several critical challeng-
es continue to hinder the successful clinical translation
of BTE strategies. These challenges include achieving
adequate vascularization within engineered constructs,
matching scaffold mechanical properties with native
bone, ensuring complete and stable integration with
host tissue, and managing inflammatory responses as-
sociated with scaffold degradation [13]. In particular, the
acidic by-products generated during the degradation of
commonly used synthetic polyesters such as PLA and
PLGA can create an unfavorable local microenviron-
ment, potentially triggering inflammatory reactions and
impairing tissue regeneration [14-16]. Therefore, this
study aims to provide a comprehensive overview of cur-
rent BTE strategies, emphasizing cell-based therapies,
growth factor delivery systems, and scaffold-based ap-
proaches (Figure 1). Additionally, the major challenges
facing clinical applications are critically discussed, and
future perspectives focusing on advanced composite ma-
terials, nanostructured scaffolds, and intelligent material
design are highlighted. By addressing both opportunities
and limitations, this review study seeks to contribute to
the ongoing development of effective and translatable
solutions for bone regeneration [17, 18].

Materials and Methods

A comprehensive literature search was conducted us-
ing PubMed/MEDLINE, Scopus, Web of Science,
and Google Scholar to identify peer-reviewed articles
published through 2024. The search strategy incorpo-
rated relevant keywords and Medical Subject Headings
(MeSH), including “bone tissue engineering,” “bone
regeneration,” “biomimetic scaffolds,” “mesenchymal
stem cells,” “osteogenic differentiation,” and “nano-
composites.” Studies addressing cell-based approaches,
growth factor delivery systems, polymeric and compos-
ite scaffolds, vascularization strategies, and recent trans-
lational challenges in bone defect repair were critically
evaluated, and their findings were synthesized. Non-
English publications and studies lacking sufficient meth-
odological detail were excluded.

Results
Bone tissue engineering strategies
Cell-based approaches

Mesenchymal stem cells (MSCs) are a crucial cell type
for bone regeneration because of their ability to differ-
entiate into osteogenic lineages. These cells, along with
stromal cells and differentiated osteogenic cells, are used
to improve bone repair. MSCs offer high proliferation,
osteogenic potential, and immunomodulatory effects,
aiding in the formation of new bone tissue and its inte-
gration with host structures [8-10].
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Figure 1. Illustration of BTE strategies and challenges

Growth factor-based approaches

Growth factors such as bone morphogenetic proteins
(BMPs), vascular endothelial growth factor (VEGF),
transforming growth factor beta (TGF- ), and fibroblast
growth factor (FGF) guide cell growth, specialization,
and the production of extracellular matrix. By using con-
trolled delivery methods, their local biological activity
and prolonged release can be optimized, which in turn
improves tissue regeneration [19-21].

Scaffold-based approaches

Scaffolds provide a 3D framework that facilitates cell
attachment, proliferation, and growth, effectively func-
tioning as an artificially engineered extracellular matrix
(ECM) [21-23]. Cells naturally secrete macromolecules
that assemble into the ECM, which offers a structural and
biochemical environment essential for cellular growth
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and proliferation [24, 25]. In this context, a scaffold acts
as a temporary, supportive architecture that promotes
cell adhesion, migration, and differentiation, thereby
regulating tissue development. As tissue regeneration
progresses, scaffolds are designed to degrade gradually,
providing initial mechanical stability while also serving
as a template to guide new tissue formation [26, 27].

According to recent studies, an optimal scaffold must
exhibit several key properties:

Biocompatibility: This property ensures that the scaf-
fold supports normal cellular activities, facilitates host
cell infiltration, and promotes seamless tissue integration
without inducing toxic effects or adverse inflammatory
responses [27-29].

Karimi Hajishoreh N, et al. Strategies and Challenges in Bone Tissue Engineering. JTRM. 2027; 2:254809.
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Biodegradability: This refers to the scaffold’s capac-
ity to undergo controlled and gradual degradation, there-
by permitting progressive tissue replacement and cellu-
lar colonization over time [30]. Many commonly used
synthetic polymerbased biomaterials primarily degrade
through hydrolytic processes. Two principal degradation
mechanisms have been identified: (a) surface erosion,
in which the scaffold gradually diminishes in size while
preserving its overall geometry, and (b) bulk erosion,
where the scaffold maintains its external dimensions but
undergoes nonlinear internal degradation. Careful selec-
tion of the polymer is therefore essential, as the degrada-
tion rate must be synchronized with the bone regenera-
tion process [30]. In the case of largescale bone defects,
scaffolds function as temporary microenvironments that
support cell migration and facilitate callus formation.

Architecture and bioactivity: An ideal scaffold should ex-
hibit high porosity, adequate mechanical strength, and appro-
priate bioactivity to effectively support tissue regeneration.

A diverse range of materials has been employed for scaffold
fabrication, including natural polymers, synthetic polymers,
bioceramics, and bioactive glasses, which are primarily se-
lected based on their osteoconductive properties and capacity
to support cellular function (Table 1). Among synthetic poly-
mers, materials such as PLA, PCL, and PLGA are widely
used due to their structural versatility and tunable degrada-
tion behavior. Nevertheless, the intrinsic biological inertness
and limited bioactivity of these polymers often necessitate
their modification through the development of composite
and nanocomposite scaffolds. The incorporation of bioactive
nanoparticles, including nanohydroxyapatite (nHA), gra-
phene oxide (GO), and carbon nanotubes, has been shown to
significantly enhance mechanical performance, bioactivity,
and osteogenic differentiation [31, 32]. For example, PLA/
GO nanocomposites fabricated using 3D printing techniques
demonstrated superior cell proliferation and mineralization
compared to pure PLA scaffolds [33]. Similarly, electrospun
PCL/mHA fibers exhibited improved cytocompatibility and
osteogenic potential, as evidenced by the upregulation of key
bone-related markers [34]. In addition, freezedried PLGA/
HA scaffolds provided a more favorable microenvironment
for osteoblast differentiation than their electrospun counter-
parts, underscoring the critical influence of fabrication meth-
ods on scaffold performance [35]. Furthermore, innovative
hybrid scaffolds that combine synthetic polymers such as
PCL with natural polymers including gelatin and chitosan
have been developed to integrate the mechanical robustness
of synthetic materials with the enhanced bioactivity of natu-
ral polymers, thereby creating a more biomimetic and regen-
erative extracellular environment [36].

2027. Volume 2

Bone tissue engineering challenges and future
perspectives

Despite advances, key challenges remain in BTE,
which include establishing stable vascular networks,
achieving mechanical properties comparable to native
bone, ensuring complete host integration, optimizing
cell sources and safety, and achieving controlled delivery
of bioactive factors [37]. A specific and significant chal-
lenge with widely used synthetic polyesters such as PLA
and PLGA is the release of acidic by-products (e.g. lactic
and glycolic acid) during degradation. The accumulation
of these by-products can create a localized acidic micro-
environment, potentially leading to an inflammatory for-
eign body response and adversely affecting the survival
and function of neighboring cells. Furthermore, achiev-
ing a degradation rate that perfectly matches the pace of
new bone formation remains a complex endeavor [7].

Future research should focus on advanced biomateri-
als, the use of bioreactors, pre-vascularized constructs,
and personalized strategies to improve clinical outcomes
and scalability for widespread application [38]. A key fu-
ture research domain is the rational design of advanced
nanocomposite and hybrid scaffolds. Recent studies
have argued that no single material meets all tissue re-
placement parameters. A composite scaffold combining
synthetic and natural polymers can offer a tissue substi-
tute that meets all therapeutic standards. Future scaffold
design should involve creating “smart” composites that
not only provide structural support but also actively or-
chestrate regeneration through controlled release of ions
(e.g. Sr**, Mg?"), drugs, and growth factors, while miti-
gating adverse immune responses [6, 39].

Conclusion

BTE presents a promising alternative to conventional
grafting methods, integrating stem cells, scaffolds, and
growth factors to repair complex bone defects. The ver-
satility of synthetic polymers, especially when enhanced
as nanocomposites with bioactive fillers, provides a
powerful platform for creating tailored scaffolds. How-
ever, overcoming challenges related to the inflammatory
potential of degradation products, achieving optimal vas-
cularization, and ensuring perfect mechanical and func-
tional integration with the host bone remains critical for
successful clinical translation. Future research focusing
on these areas, particularly on the development of intel-
ligent, multi-functional composite systems, are essential
to advance the field from the bench to the bedside.
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