
Background
Bone tissue engineering (BTE) is a multidisciplinary field 
that focuses on developing biologically and mechanically 
functional bone substitutes to repair or regenerate 
damaged bones. Some essential aspects of BTE are 
understanding and replicating the in vivo conditions 
within a living organism under which bone formation, 
healing, and remodeling occur. These conditions are 
critical for designing effective scaffolds, biomaterials, and 
cellular therapies to promote bone regeneration. Bone is 
a highly dynamic and mechanically responsive tissue. In 
vivo, mechanical forces, such as compression, tension, and 
shear stress, influence osteogenesis (bone formation) and 

remodeling (1). A successful BTE approach must provide 
scaffolds or constructs that can bear mechanical loads 
similar to native bone, promoting cellular responses such 
as the differentiation of stem cells into osteoblasts (bone-
forming cells). Bone tissue is rich in various biochemical 
factors that regulate cellular behavior, including growth 
factors (e.g., bone morphogenetic proteins [BMPs] or 
vascular endothelial growth factor [VEGF]), hormones 
(e.g., parathyroid hormone), and extracellular matrix 
(ECM) proteins (e.g., collagen or osteopontin). In vivo, 
these factors play a critical role in osteogenesis, angiogenesis 
(formation of new blood vessels), and the overall 
remodeling of bone (2). Mimicking these biochemical 
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Abstract
Background: Bone tissue engineering (BTE) aims to create functional bone substitutes that can 
repair or regenerate damaged bone tissues. Achieving this goal requires a deep understanding 
of the in vivo conditions under which natural bone develops, heals, and remodels. These 
conditions are considered complex and involve mechanical, biochemical, and cellular factors 
that govern bone formation and regeneration. This article aimed to discuss the key aspects of in 
vivo conditions essential for successful BTE, including mechanical forces, biochemical signaling, 
cellular interactions, vascularization, immune responses, and the role of bone remodeling.
Methods: This article aimed to discuss the key aspects of in vivoconditions essential for successful 
BTE, including mechanical forces, biochemical signaling, cellular interactions, vascularization, 
immune responses, and the role of bone remodeling.
Results: The obtained data revealed that understanding vascularization and immune responses 
is crucial for designing engineered bone constructs that can mimic native bone and function 
effectively in clinical applications.
Conclusion: Ultimately, the continued refinement of in vivo models and a deeper understanding 
of the tissue microenvironment are essential for the development of BTE therapies that are not 
only effective but also safe, sustainable, and capable of providing long-term functional outcomes 
for patients.
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signals in engineered constructs is essential for successful 
bone regeneration. The in vivo bone environment 
supports a dynamic interplay between various cell types, 
including osteoblasts, osteoclasts (bone-resorbing cells), 
osteocytes (mature bone cells embedded in the matrix), 
chondrocytes (cartilage cells), and various stem or 
progenitor cells. These cells are involved in continuous 
processes of bone formation, remodeling, and repair 
(3). BTE aims to recapitulate these cellular interactions 
within biomimetic scaffolds, often incorporating stem 
cells, growth factors, or co-cultures to encourage proper 
bone tissue formation. Bone tissue, especially in interior 
regions, requires an effective blood supply for nutrient 
exchange, waste removal, and delivery of oxygen and 
signaling molecules (4). Without proper vascularization, 
engineered bone tissues can suffer from necrosis (cell 
death) and inadequate healing. In vivo, angiogenesis 
plays a crucial role in ensuring the viability of new bone 
tissues. Therefore, vascularization strategies, such as the 
incorporation of pro-angiogenic factors or endothelial 
cells into tissue-engineered bone constructs, are a critical 
area of focus in bone regeneration (5). The immune system 
exerts a key role in the body’s response to injury and tissue 
engineering implants. In vivo, the immune response to 
implanted materials or constructs can influence their 
success. Ideally, biomaterials used in BTE should exhibit 
biocompatibility, minimizing inflammation and foreign 
body responses while promoting tissue integration (6). 
Chronic inflammation or immune rejection can hinder 
the regeneration process and lead to graft failure. Bone 
tissue is continuously remodeled throughout life, and 
successful bone regeneration requires a long-term process 
of matrix deposition, mineralization, and structural 
adaptation. In vivo, bone repair follows a well-orchestrated 
sequence of events, including inflammation, soft callus 
formation, hard callus formation, and remodeling. The 
tissue-engineered bone must also undergo these phases 
to ensure functional integration with the host tissue over 
time (7).

In vivo conditions in BTE encompass a complex and 
interconnected array of mechanical, biochemical, cellular, 
and vascular factors that govern bone formation, healing, 
and remodeling (8). Understanding and simulating these 
in vivo conditions are essential for creating engineered 
bone substitutes that can effectively repair or replace 
damaged bones in patients. Advances in biomaterials, 
stem cell therapies, and tissue engineering technologies 
are progressively enabling more successful translation of 
in vitro studies to in vivo applications, bringing us closer 
to reliable and functional bone regeneration therapies (9).

Mechanical Stimuli and Their Role in Bone 
Regeneration
Mechanical stimuli play a fundamental role in the 
development, maintenance, and repair of bone tissues 
in vivo. In BTE, understanding how mechanical forces 
influence bone regeneration is essential for designing 

scaffolds, biomaterials, and therapeutic strategies that 
promote effective healing and integration of engineered 
bones (10). In this context, mechanical stimuli include 
the physical forces that act on bone tissue, such as 
compression, tension, shear stress, and torsion. These 
forces govern critical cellular and molecular responses 
that drive bone growth, remodeling, and adaptation 
to functional demands. Mechanotransduction is the 
process by which cells convert mechanical stimuli into 
biochemical signals that regulate cellular functions such 
as differentiation, proliferation, and matrix production. 
In vivo, bone cells, particularly osteoblasts (bone-forming 
cells), osteoclasts (bone-resorbing cells), and osteocytes 
(mature bone cells embedded in the matrix), are highly 
responsive to mechanical signals. Osteoblasts respond to 
mechanical stimuli by enhancing the deposition of new 
bone matrix. Mechanical loading can stimulate osteoblast 
differentiation and matrix production, which is critical for 
bone regeneration. Osteocytes are key mechanosensors 
embedded within the bone matrix. These cells detect 
mechanical loads through their dendritic processes that 
make contact with the surrounding bone matrix (11). In 
addition, they send signals to osteoblasts and osteoclasts 
to modulate bone formation and resorption, respectively. 
Further, osteoclasts respond to mechanical unloading by 
promoting bone resorption to adapt the bone structure and 
maintain homeostasis. Mechanotransduction pathways 
are mediated by various signaling molecules, including 
Ras homolog family member A, phosphatidylinositol 
3-kinases/protein kinase B, and mitogen-activated protein 
kinase, and involve cytoskeletal rearrangement within the 
bone cells. Mechanical forces affect the activation of these 
pathways, ultimately influencing gene expression related 
to osteogenesis (bone formation) and osteoclastogenesis 
(bone resorption) (12).

Depending on the type of applied force, mechanical 
forces influence bone regeneration in several ways. In the 
context of BTE, scaffolds and biomaterials are frequently 
designed to mimic or generate these mechanical forces to 
stimulate bone healing. Compression is one of the most 
important forces affecting bone growth. It is particularly 
relevant in weight-bearing bones (e.g., femur or tibia) 
that experience compressive forces during activities such 
as walking or running. In vivo, compression stimulates 
osteoblast activity, promoting new bone formation. It also 
suppresses osteoclast activity to prevent excessive bone 
resorption (Figure 1) (13).

Scaffolds used in BTE are often designed to mimic the 
compressive forces that naturally occur in bones. For 
example, polymeric scaffolds reinforced with materials 
such as hydroxyapatite (HA) or bioactive glasses are 
commonly engineered to withstand compressive loads 
and support osteogenesis (14). Another mechanical 
condition is tension, which refers to the elongation or 
stretching of the bone matrix. While bone is not as heavily 
loaded in tension as in compression, tensile forces can still 
significantly influence bone remodeling. Tensile forces 
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generally stimulate bone formation in areas that are under 
tension and are responsible for the development of bone 
structures such as tendons and ligaments (14,15). These 
forces are thought to be involved in the alignment and 
organization of the bone matrix during growth and repair. 
Scaffolds designed for bone regeneration in tension-
bearing areas, such as the tendon-bone interface, must 
be able to withstand tensile forces while also facilitating 
the osteogenic differentiation of stem cells. Materials with 
elastic properties and the ability to deform under load are 
key for mimicking tension-induced bone formation. Shear 
stress is generated when there is a force applied parallel to 
the surface of the bone, which is common in joint areas 
or areas subjected to complex loads. In addition, in in 
vivo effect, shear forces are crucial for the remodeling of 
bones, particularly in the early stages of fracture healing 
(16). They stimulate bone formation and resorption by 
affecting the osteoblast-osteoclast balance. Shear stress can 
also enhance angiogenesis (the formation of blood vessels), 
which is important for the survival of regenerating bone 
tissues. Scaffolds engineered in this condition mimic shear 
stress, which can improve the integration of the bone 
substitute into the surrounding tissue, especially in joint 
replacements and fracture healing. This can be achieved 
through micro-porous scaffolds or biomaterials that 
provide the appropriate surface topography to facilitate 
cell attachment and promote shear-induced signaling (17). 
Torsional forces (twisting forces) are typically encountered 
in long bones and rotational activities. Torsional forces 
stimulate bone remodeling and adaptation by enhancing 
the load-bearing capacity of bone structures. These 
forces are crucial for maintaining bone strength in areas 
subjected to rotational stress. BTE approaches often focus 
on creating scaffolds that can withstand torsional forces, 
especially in long bone fractures or spinal implants. 
Scaffolds with torsional stiffness and composite materials 
can help improve mechanical performance and promote 
bone integration (18).

Mechanical stimuli play an indispensable role in 
the process of bone regeneration, influencing cellular 
behavior, bone formation, and remodeling. In vivo, bone 
cells dynamically respond to compressive, tensile, shear, 
and torsional forces, which are critical for maintaining 
bone integrity and facilitating fracture healing. In BTE, 
replicating these mechanical environments is essential for 
designing scaffolds and biomaterials that can successfully 
support bone regeneration (19). By integrating mechanical 
loading into engineered bone constructs, researchers 
can enhance osteogenesis, promote tissue integration, 
and improve the clinical outcomes of bone repair and 
replacement therapies. The ongoing development of 
advanced biomechanical scaffolds that can mimic in 
vivo mechanical stimuli is a promising direction in 
BTE, bringing us closer to more effective, durable, and 
functional bone regenerative therapies (Table 1) (20).

Biochemical Environment and Molecular Signaling
BTE seeks to develop strategies for regenerating bone 
tissues to repair skeletal defects or injuries. This complex 
process requires not only scaffold materials and cell types 
but also a proper biochemical environment and molecular 
signaling to effectively promote bone formation in 
vivo. The biochemical environment and molecular 
signaling pathways are crucial for successful bone tissue 
regeneration. They influence stem cell differentiation, 
ECM mineralization, and engineered tissue integration 
into the host bone (26). The biochemical environment 
includes factors such as growth factors, cytokines, and 
ECM components that regulate cell behavior and bone 
formation. Several vital elements are BMPs, VEGF, and 
transforming growth factor beta (TGF-β). Growth factors 
are signaling proteins that regulate cellular processes such 
as proliferation, differentiation, and migration. BMPs, 
particularly BMP-2, BMP-7, and BMP-4, are critical 
for osteogenesis (bone formation) and the induction 
of mesenchymal stem cell (MSC) differentiation into 
osteoblasts. They are frequently used in BTE to promote 
bone regeneration (25). VEGF is essential for angiogenesis 
(the formation of blood vessels), which is necessary for 
supplying nutrients and oxygen to the developing bone 
tissue. The engineered tissue cannot survive and mature 
without proper vascularization. TGF-β regulates both 
osteogenesis and chondrogenesis (cartilage formation). It 
plays an essential role in maintaining the balance between 
osteoblast and osteoclast activities and modulating the 
ECM composition. The ECM provides structural and 
biochemical support to cells and is composed of various 
proteins, glycoproteins, and polysaccharides. It is not only 
essential for cell anchorage and mechanical strength but 
also provides bioactive cues for cellular differentiation 
and tissue development (27). 

Osteogenesis and regeneration are highly regulated by a 
network of molecular signaling pathways. These pathways 
control stem cell differentiation, matrix deposition, 
mineralization, and vascularization. The Wnt/β-catenin 

Figure 1. Bone Repair by Cell Differentiation and Cell Signaling. Note. This 
process is involved in bone repair by mechanical stimulation
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pathway is crucial for regulating osteoblast differentiation 
and bone formation. In response to Wnt ligands, 
the β-catenin protein accumulates in the cytoplasm 
and translocates to the nucleus, where it activates the 
transcription of target genes that promote osteogenesis. 
This pathway also regulates the balance between osteoblast 
and osteoclast activity. Notch signaling is involved in 
regulating cell fate determination, differentiation, and 
tissue patterning during bone development. In BTE, 
Notch signaling influences MSC differentiation into 
osteoblasts and regulates the development of the bone 
marrow niche (28).

This pathway plays a vital role in bone remodeling. The 
receptor activator of nuclear factor κB ligand (RANKL) 
promotes osteoclast differentiation, while its decoy 
receptor, osteoprotegerin, inhibits osteoclastogenesis 
by binding to RANKL. The balance between RANKL 
and osteoprotegerin determines bone resorption and 
formation. In tissue engineering, controlling this pathway 
is important for preventing excessive resorption and 
promoting bone regeneration. Hedgehog signaling 
is involved in early skeletal patterning and bone 
growth regulation. It influences the differentiation of 
chondrocytes and osteoblasts and is essential for the 
formation of bone structures during embryogenesis and 
postnatal bone regeneration. The mitogen-activated 
protein kinase pathway, specifically the extracellular 
signal-regulated kinase pathway, regulates osteoblast 
differentiation, matrix production, and mineralization. 
It also responds to mechanical loading and extracellular 
stimuli that are important for the adaptive response of 

bone tissues (29). The phosphatidylinositol 3-kinases/
protein kinase B signaling pathway regulates cell survival, 
proliferation, and metabolism. In BTE, it promotes 
osteoblast differentiation and bone formation by activating 
downstream targets such as the mechanistic target of 
rapamycin, which controls cell growth and protein 
synthesis. Parathyroid hormone-related peptide (PTHrP) 
and PTH regulate bone remodeling by influencing 
osteoblast and osteoclast activity (29,30). PTH and PTHrP 
stimulate the production of RANKL, thereby promoting 
osteoclastogenesis and bone resorption. Scaffolds should 
mimic the mechanical properties of bones, facilitate cell 
attachment, and provide a supportive microenvironment 
for growth factor delivery. Biodegradable materials such 
as collagen, poly(lactic-co-glycolic acid) (PLGA), or HA 
are commonly used, and they may be combined with 
bioactive molecules to enhance osteogenesis. In vivo BTE 
requires the establishment of vascular networks to supply 
oxygen and nutrients. This can be achieved through using 
pro-angiogenic factors such as VEGF or by incorporating 
vascular endothelial cells into scaffolds. The immune 
response can significantly impact the success of BTE. 
Inflammation and immune rejection may interfere with 
tissue integration and regeneration. Using biomaterials 
with anti-inflammatory properties or immunomodulatory 
agents may help improve the success of bone regeneration 
in vivo (31).

In vivo BTE relies on a highly regulated biochemical 
environment and complex molecular signaling pathways 
to promote the regeneration of functional bone tissues. 
Growth factors, ECM components, and signaling 

Table 1. In Vivo Conditions in Bone Tissue Engineering

In Vivo Conditions Description Relevance to Bone Tissue Engineering

Mechanical load/
stress

The presence of dynamic mechanical forces such as 
compression, tension, and shear.

Mechanical stimuli are essential for bone development, remodeling, and 
healing. Scaffolds and engineered tissues must withstand physiological loads (7).

Oxygen tension
Oxygen availability varies in different regions of bone 
tissue, with hypoxic environments near bone marrow.

Oxygen plays a key role in cell metabolism, differentiation, and angiogenesis. 
Scaffolds should support oxygen gradients (21).

pH levels
The bone environment typically has a slightly alkaline 
pH (7.2-7.4). However, it can drop in disease or injury.

Scaffold materials should maintain pH stability to avoid disrupting cell function 
(22).

Cellular 
environment

It includes osteoblasts, osteoclasts, mesenchymal stem 
cells, and other bone-resident cells.

The interaction between scaffolds and resident cells (osteocytes or osteoblasts) is 
critical for tissue regeneration (9).

Growth factors 
and cytokines

They include bone morphogenetic proteins, vascular 
endothelial growth factor, and the like.

These molecules stimulate cell proliferation, differentiation, and angiogenesis. 
Scaffolds can be designed to release these factors in a controlled manner (10).

Bone matrix 
composition

It is primarily made of collagen type I, hydroxyapatite, 
and other non-collagenous proteins.

Mimicking the extracellular matrix composition is essential for osteogenic 
differentiation and mineralization (23).

Vascularization
Development of new blood vessels (angiogenesis) is 
required for nutrient supply and waste removal.

Scaffolds should encourage vascular growth to sustain tissue survival and 
regeneration (11).

Inflammation
Inflammatory responses after bone injury or surgery 
involve the activation of immune cells.

Chronic inflammation can impair healing. Biomaterials should ideally modulate 
the inflammatory response to promote healing without excessive immune 
activation (12).

Bone remodeling
The ongoing process of bone resorption and 
deposition is regulated by osteoclasts and osteoblasts.

Bone tissue engineering must support the continuous remodeling of newly 
formed bone to integrate with the host tissue (16).

Immune response
The host immune system must not reject engineered 
tissues, while inflammation must be controlled.

The biocompatibility of scaffolds and materials is essential to prevent immune 
rejection or excessive inflammation (18).

Temperature
Normal bone temperature is around 37°C in humans, 
but it may fluctuate in response to injury or disease.

Biomaterials and cell-based therapies should maintain functionality under in 
vivo temperature conditions (19).

Nutrient and 
waste exchange

Bone tissue relies on efficient nutrient and waste 
exchange, especially in deeper regions.

Scaffolds need to allow the diffusion of nutrients and removal of waste products, 
especially in large tissue-engineered constructs (19, 20).

Age-related factors
Aging can affect bone density, mineralization, and the 
activity of osteoblasts and osteoclasts.

Age-related conditions (e.g., osteoporosis) should be considered when designing 
therapies for older populations (24).

Infection risk
Bone tissue is susceptible to infection after surgery or 
injury, particularly in open fractures.

Infection resistance or antibacterial properties in scaffolds are crucial for 
successful bone regeneration (25).
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pathways such as Wnt/β-catenin, BMP, and VEGF 
are central to the process of osteogenesis and tissue 
integration. Understanding and manipulating these 
factors can improve the effectiveness of BTE strategies, 
leading to better clinical outcomes in bone regeneration 
and repair (31,32).

Cellular Interactions and the Role of Stem Cells
BTE is a rapidly advancing field that seeks to develop 
functional bone replacements for repairing bone defects 
due to trauma, disease, or congenital disorders. The 
process of engineering bone tissue in vivo involves not 
only biomaterials and scaffolds but also the intricate 
cellular interactions that are essential for the regeneration 
of functional bone tissues. Stem cells play a pivotal role 
in this process, driving bone repair and regeneration 
by differentiating into osteogenic cells and interacting 
with the surrounding microenvironment. Stem cells 
are undifferentiated cells capable of self-renewal and 
differentiation into multiple cell types, including 
osteoblasts and bone-forming cells. Several types of stem 
cells are used in BTE. MSCs are adult stem cells found 
in various tissues such as bone marrow, adipose tissue, 
and umbilical cord blood. MSCs are multipotent and 
have the potential to differentiate into osteoblasts under 
appropriate conditions. Induced pluripotent stem cells 
are somatic cells reprogrammed to an embryonic-like 
state and can be differentiated into any cell type, including 
osteogenic lineages. Embryonic stem cells, as pluripotent 
stem cells, are derived from embryos, which can also 
differentiate into osteoblasts, though their use in clinical 
settings is limited due to ethical and regulatory concerns 
(33,34).

In vivo, bone tissue regeneration occurs in a complex 
microenvironment composed of various cell types such as 
osteoblasts, osteoclasts (bone-resorbing cells), endothelial 
cells (blood vessel-forming cells), and immune cells. 
These cells interact with each other through soluble 
factors, cell-cell contact, and ECM molecules to support 
bone formation. MSCs can differentiate into osteoblasts in 
response to signals such as BMPs, TGF-β, and mechanical 
stimuli. In vivo, stem cells interact with ECM proteins such 
as collagen type I, osteopontin, and fibronectin, leading to 
osteogenesis promotion. Bone regeneration requires the 
formation of new blood vessels (angiogenesis) to supply 
oxygen and nutrients to the growing tissue. Stem cells 
interact with endothelial cells to promote angiogenesis, 
which is essential for the survival of the newly formed 
bone tissue. Inflammatory responses play a critical role in 
tissue regeneration, but chronic inflammation can impair 
healing. MSCs have immunomodulatory properties and 
can suppress excessive inflammation, ensuring a balance 
between tissue repair and immune response (35,36).

MSCs, when seeded into scaffolds and implanted 
into bone defects, undergo osteogenic differentiation in 
response to signals from the local microenvironment. This 
results in the formation of bone matrix and mineralization, 

which are critical steps in bone regeneration. The tissue 
must be vascularized for successful bone regeneration. 
Stem cells interact with endothelial cells to promote the 
formation of blood vessels, which supply oxygen and 
nutrients to the newly formed bone tissue (Table 2) (37). 
This is a crucial aspect of in vivo bone regeneration. 
MSCs have the ability to modulate the immune 
response, potentially reducing the risk of inflammation 
and rejection in tissue engineering applications. This 
immunosuppressive function allows for better integration 
of implanted cells and scaffolds. The engineered bone 
tissue needs to integrate with the surrounding native 
bone tissue. Mechanical properties, such as stiffness 
and porosity, influence how well the scaffold integrates 
and supports stem cell differentiation into bone tissue. 
Finally, it must be mentioned that in vivo BTE involves a 
complex interplay of stem cells, scaffolds, growth factors, 
and the surrounding cellular microenvironment. Stem 
cells are key players in the regeneration of bone tissues 
by differentiating into osteogenic lineages and interacting 
with other cells to promote angiogenesis, immune 
modulation, and tissue integration. Continued research 
into improving stem cell-based therapies, scaffold 
designs, and in vivo models will likely yield more effective 
treatments for bone regeneration and repair (38).

Vascularization: Ensuring Nutrient and Oxygen Supply
Vascularization is one of the key challenges in BTE, 
particularly when creating bone substitutes that are 
intended to integrate with native bone tissues. The 
process ensures that the engineered tissue can receive 
a continuous supply of nutrients and oxygen, which 
are essential for cellular survival, proliferation, and 
differentiation. Without sufficient vascularization, the 
inner regions of a bone scaffold can become hypoxic, 
leading to necrosis, poor healing, and eventual failure of 
the tissue construct (43).

Bone is a highly vascularized tissue, and its health 
depends on a rich network of blood vessels that supply it 
with oxygen and nutrients and remove metabolic waste. 
As bone tissue is complex and relatively large, scaffolds 
for bone regeneration must also support vascular 
networks to sustain cellular activities deep within the 
structure (44). Oxygen and nutrient delivery to cells at 
the center of the scaffold can become inadequate, leading 
to tissue necrosis and failure of new bone formation. 
Inadequate vascularization in the engineered bone can 
delay or prevent bone regeneration, as angiogenesis is 
crucial for bone remodeling and repair. Poor vascular 
supply can lead to a higher risk of infection and 
inflammatory responses. Various strategies have been 
developed to encourage the formation of a functional 
vascular network within BTE. Creating scaffolds with a 
well-defined, interconnected pore structure that mimics 
the natural architecture of bones, is one of the strategies. 
These pores serve as channels through which endothelial 
cells can migrate and form blood vessels. Scaffolds made 
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from biodegradable polymers (e.g., PLGA, polylactide, 
or collagen) or natural materials (e.g., gelatin or HA) can 
degrade over time, allowing space for blood vessel growth 
and integration with the host tissue (45). Materials can 
be engineered to mimic the native bone environment or 
designed to release growth factors, such as VEGF and 
fibroblast growth factor, to actively promote angiogenesis 
and the formation of blood vessels within the scaffold. 
Many growth factors contribute to angiogenesis in BTE. 
VEGF is one of the most important pro-angiogenic 
factors. By incorporating VEGF into scaffolds or 
using gene delivery systems, researchers can enhance 
endothelial cell proliferation and capillary formation. 
Fibroblast growth factor also promotes angiogenesis by 
stimulating endothelial cell migration and proliferation. 
BMPs, particularly BMP-2 and BMP-7, play a role in 
bone formation and vascularization. Using hydrogels or 
microspheres to release growth factors in a controlled 
manner over time can provide a sustained pro-angiogenic 
effect. Animal models (e.g., mouse, rat, and rabbit models) 
are commonly used to study BTE and vascularization. 
These models allow researchers to monitor the integration 
of engineered bone tissues with the host’s vasculature and 
assess the functional outcomes. In human applications, 
vascularization is essential for bone grafts, particularly 
in the context of large bone defects, critical-sized bone 
defects, or non-unions. Engineering bone tissues with 
adequate vascular support can improve the success rates 
of bone implants and prosthetics (46).

Thus, vascularization is a critical factor for the success 
of in vivo BTE. Without an adequate blood supply, 
engineered bone constructs cannot survive, integrate, 

or function properly. Through innovative approaches 
in biomaterial design, growth factor delivery, and 
prevascularization techniques, researchers are making 
significant strides in developing vascularized bone 
tissues for clinical applications. However, challenges 
remain in ensuring long-term and sustainable vascular 
networks, particularly in large-scale bone regeneration. 
The continued development of these strategies promises 
to improve outcomes in bone healing, bone replacement, 
and regenerative medicine. Scaffolds with interconnected 
pore structures mimic the natural architecture of bone, 
providing physical space for endothelial cells to migrate 
into the scaffold and form a functional vascular network. 
The pore size and connectivity are key factors in ensuring 
efficient vascularization (47). 

Immune Response and Biocompatibility
In vivo BTE aims to repair or replace damaged bone tissues 
using biomaterials, cells, and growth factors. A successful 
BTE approach requires not only the development of 
biomaterials that can mimic the natural bone structure 
and function but also the consideration of the immune 
response and biocompatibility of these materials within 
the biological environment. The immune system plays 
a critical role in the success or failure of biomaterial 
implants and tissue regeneration strategies (48). When 
a biomaterial is introduced into the body, it interacts 
with the host immune system, which may respond in 
several ways depending on the material, its degradation 
products, and the surrounding microenvironment. 
Two main types of immune responses can influence 
the outcome of BTE (49). The acute immune response 

Table 2. The Key Aspects of Cellular Interactions and the Role of Stem Cells in Bone Tissue Engineering In Vivo

Aspect Description Key Cell Types Involved Key Factors and Mechanisms

Stem cells in 
bone regeneration

Stem cells are pivotal for osteogenesis, capable 
of differentiating into osteoblasts, chondrocytes, 
or adipocytes, depending on the signals in their 
microenvironment. They form the basis of engineered 
bone tissue.

- MSCs
- Adipose-derived stem 
cells
- Induced pluripotent 
stem cells
- Perivascular stem cells

Growth factors: BMPs, TGF-β, fibroblast growth factor
- Cell adhesion molecules: Integrins, cadherins (28).

Osteogenesis 
(bone formation)

Stem cells differentiate into osteoblasts under 
appropriate biochemical and mechanical cues. 
Osteoblasts secrete ECM proteins that form the bone 
matrix and later become osteocytes.

- Osteoblasts
- Osteocytes

BMPs: Stimulate osteogenesis
- Mechanical loading: Influencing differentiation via 
mechanotransduction
- ECM (Collagen): Providing structural scaffolds for 
osteoblast function and mineralization (39).

ECM interactions

The ECM provides structural and biochemical support 
for stem cells. The composition of the ECM influences 
stem cell behavior, such as differentiation, migration, 
and proliferation.

- Fibroblasts
- MSCs
- Osteoblasts

Collagen type I: Major ECM protein in bones
- Integrins: Cell-surface receptors that mediate cell
- ECM interactions
- Hyaluronic acid and fibronectin: Supporting cell 
adhesion and migration (40).

Mechanical 
stimulation

Mechanical forces, such as compression, tension, and 
shear, influence stem cell differentiation by triggering 
mechanotransduction pathways that affect gene 
expression related to osteogenesis. Stem cells can 
respond to mechanical cues via mechanotransduction, 
influencing osteogenic differentiation.

- MSCs
- Osteoblasts
- Osteocytes

Biomechanical forces: Compression and shear stress 
influence stem cell differentiation into osteoblasts
- Mechanosensitive channels: Piezo1 and TRPV4 
mediate mechanical signal transduction to alter gene 
expression (41).

Chondrogenesis 
and 
endochondral 
ossification

In large bone defects, stem cells may differentiate 
into chondrocytes, forming a cartilage template that 
is later replaced by bone. This process (endochondral 
ossification) is essential for the formation of long bones 
and the healing of critical-size defects.

- Chondrocytes
- MSCs

Cartilage matrix: Aggrecan, type II collagen
- BMP-2, TGF-β: Stimulating chondrogenesis
- Hypoxic conditions: Promoting chondrocyte 
differentiation
- Endochondral ossification: Cartilage is replaced by 
bone during healing (42).

Abbreviations: ECM, extracellular matrix; MSCs, mesenchymal stem cells; BMPs, bone morphogenetic proteins; TGF-β, transforming growth factor beta. 
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occurs immediately after implantation and involves the 
activation of the innate immune system. The biomaterial 
triggers the release of pro-inflammatory cytokines and 
the recruitment of immune cells such as neutrophils and 
macrophages. This response typically aims at recognizing 
and eliminating foreign materials. Macrophages play a 
pivotal role in the immune response. Initially, they are 
activated to a pro-inflammatory (M1) phenotype, which 
promotes tissue destruction and fibrosis. However, in 
tissue regeneration, macrophages must polarize toward 
an anti-inflammatory (M2) phenotype, which promotes 
tissue healing and remodeling. The foreign body reaction 
is a chronic inflammation that can occur if the material 
is perceived as foreign by the immune system. It can lead 
to fibrosis, encapsulation, and failure of the implanted 
material to integrate with the surrounding tissue. In the 
chronic immune response, the biomaterial cannot be 
effectively integrated or resorbed by the body (50). The 
immune system can mount a chronic inflammatory 
response. If a biomaterial is not biodegradable, it may 
become surrounded by a layer of immune cells, forming a 
granuloma, which can interfere with tissue regeneration. 
The outcome of the immune response depends 
on several factors, including the material’s surface 
properties, degradation rate, and interactions with the 
surrounding cells (51). For successful bone regeneration, 
controlling the immune response is critical to preventing 
chronic inflammation and ensuring effective healing. 
Biocompatibility refers to the ability of a material to 
perform its intended function without eliciting harmful 
effects on the surrounding tissues. The composition of 
the biomaterial plays a key role in its interaction with 
biological tissues and cells. Biomaterials used in BTE 
must have osteoconductivity, osteoinductivity, and 
osteointegration. Osteoconductivity is the ability to 
support the attachment, proliferation, and differentiation 
of bone cells (osteoblasts) and promote the formation of 
new bone tissues. The ability to stimulate stem cells or 
progenitor cells to differentiate into bone-forming cells 
in the presence of appropriate growth factors is called 
osteoinductive (52). In addition, tom osteointegration 
is the ability of the biomaterial to integrate with the 
surrounding bone tissue without inducing a foreign body 
reaction. This is essential for long-term success. Materials 
such as HA, tricalcium phosphate, and bioactive glass 
are commonly utilized in BTE due to their similarity 
to natural bone minerals and their ability to support 
osteogenesis. More recently, composite biomaterials 
that combine these materials with polymers or other 
biocompatible substances have been developed to 
enhance mechanical properties and degradation rates. 
BTE often involves the use of biodegradable materials 
that gradually degrade and resorb over time as the new 
bone tissue forms. The degradation rate must match 
the rate of bone regeneration. The material may not 
provide sufficient support during the critical early stages 
of healing if it degrades too quickly. Conversely, it may 

elicit a foreign body response if it degrades too slowly. 
The by-products of degradation must also be non-toxic 
and non-inflammatory to prevent complications. For 
example, materials such as PLGA and polycaprolactone 
are commonly used for bone regeneration due to their 
adjustable degradation rates and biocompatibility (53,54).

The success of in vivo BTE is highly dependent on the 
interaction between the immune system, the biomaterials, 
and the surrounding tissues. A well-designed biomaterial 
should be biocompatible, promoting osteogenesis while 
minimizing adverse immune reactions. Advances in 
material science, immune modulation, and cell-based 
therapies hold the potential to improve the outcomes 
of BTE, offering promising strategies for the repair of 
complex bone defects and injuries (55).

Bone Remodeling and Long-term Integration
BTE seeks to create functional bone substitutes that 
can integrate with the host tissue to restore or replace 
damaged bones. This process involves a combination 
of biomaterials, cells, and bioactive factors designed 
to promote bone regeneration and remodeling. The 
long-term success of BTE depends on the ability of the 
engineered construct to undergo proper bone remodeling 
and integrate with the host tissue in vivo (56).

Osteoclast activity subsides and resorption sites are 
cleared in the reversal phase. This phase also facilitates 
the recruitment of osteoblasts to begin the deposition of 
a new bone matrix, effectively bridging the gap between 
resorption and bone formation. Bone remodeling is 
a dynamic and continuous process that involves the 
coordinated action of osteoclasts (bone-resorbing cells), 
osteoblasts (bone-forming cells), and osteocytes (bone-
embedded cells that regulate remodeling). This process 
is essential for maintaining bone homeostasis, repairing 
microdamages, and adapting bone structure to mechanical 
loading. Bone remodeling in vivo can be divided into four 
major phases. In the activation phase, the recruitment 
and activation of osteoclasts resorb bone at the site of the 
injury or implant. In the resorption phase, osteoclasts 
break down the bone matrix, creating a resorption pit. 
In the reversal phase (bone resorption), the resorption 
sites are cleared, and osteoblasts are recruited to begin 
the deposition of the new bone matrix. At the end of the 
process, osteoblasts secrete osteoid (the unmineralized 
bone matrix), which is then mineralized to form a new 
bone (57).

Long-term integration refers to the process by which the 
engineered bone tissue becomes indistinguishable from the 
host bone over time, with full vascularization, innervation, 
and functional mechanical properties. Several factors 
influence this integration process. The scaffold must mimic 
the mechanical and biological properties of the natural 
bone. It should be osteoconductive (supporting bone cell 
attachment and growth), osteoinductive (stimulating new 
bone formation), and biodegradable (gradually resorbing 
to be replaced by the new bone). The scaffold’s porosity, 
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surface roughness, and degradation rate are crucial to the 
remodeling process. Osteoprogenitor cells (e.g., MSCs or 
induced pluripotent stem cells) seeded into the scaffold 
can enhance bone formation by differentiating into 
osteoblasts (58). Additionally, osteoclasts are critical for 
bone remodeling, as they resorb the engineered material 
during the early stages of healing. Vascularization is 
crucial for the long-term survival of the bone graft, 
as it provides nutrients and oxygen to the tissue and 
removes waste products. Engineering vascular networks 
or promoting angiogenesis in the graft can significantly 
enhance integration. Failure to form blood vessels can lead 
to necrosis and failure of the graft (59). Further, bone is a 
mechanosensitive tissue, and loading can stimulate bone 
formation. Functional mechanical loads can promote 
osteoblast activity and the mineralization of a newly 
formed bone. Properly designed BTE constructs must 
be able to withstand these loads during the remodeling 
process without compromising their integrity (60). A 
prolonged inflammatory response can impede the healing 
process, leading to fibrosis or the formation of scar 
tissue instead of functional bone. The immune response 
must be carefully modulated to ensure that the body 
accepts the implant while still effectively responding to 
infection and injury. A prolonged inflammatory response 
can impede healing by causing fibrosis or scar tissue 
formation instead of the functional bone. Therefore, 
careful modulation of the immune response is essential, 
as it allows for effective tissue healing while minimizing 
the risk of chronic inflammation that could interfere 
with the graft’s integration into the host bone. Several 
strategies have been developed to improve the long-term 
integration and success of BTE in in vivo conditions. The 
addition of growth factors such as BMPs, VEGF, and 
platelet-derived growth factors can enhance osteogenesis 
and angiogenesis, promoting better integration with the 
host bone. Advances in material science have led to the 
development of advanced scaffolds made from natural 
polymers (e.g., collagen or hyaluronic acid), synthetic 
polymers (e.g., PLGA), or composite materials (e.g., 
calcium phosphate or HA). These materials can be 
engineered to release bioactive molecules in a controlled 
manner to stimulate tissue growth and remodeling. 
Engineering vascular networks or co-culturing osteoblasts 
and endothelial cells (which form blood vessels) in the 
scaffold can help the tissue integrate more rapidly by 
providing an early blood supply. Three-dimensional 
printing technologies allow for the fabrication of scaffolds 
with complex geometries and microstructures that 
mimic the natural bone structure. This can improve cell 
migration, vascularization, and mechanical properties 
of the graft. Using bioreactors to provide mechanical 
stimulation (e.g., shear stress or compression) can 
enhance bone formation and remodeling by mimicking 
the mechanical forces experienced by bone in vivo (33).

Animal models (e.g., rodents, rabbits, pigs, and non-
human primates) are commonly used to study BTE and 

long-term integration. These models allow researchers 
to assess the biological and mechanical performance 
of engineered bone grafts under conditions that closely 
mimic the human body. Critical parameters such as bone 
healing time, vascularization, bone mineral density, and 
mechanical strength are evaluated during the healing 
process (61).

While promising in preclinical studies, the clinical 
translation of BTE faces several challenges. The variability 
in patient-specific factors, such as age, underlying health 
conditions, and mechanical demands, complicates the 
ability to predict the long-term success of engineered 
bone grafts. Moreover, the high cost and complexity 
of manufacturing cell- or biomaterial-based therapies 
represent significant barriers to widespread adoption 
in clinical practice. Nonetheless, advances in tissue 
engineering, biomaterials, and stem cell biology hold 
promise for the development of more effective and 
reliable strategies to regenerate bone tissues, particularly 
for conditions such as critical-sized bone defects, 
osteoporosis, and bone cancers (45). The long-term success 
of BTE depends on the ability of engineered constructs 
to undergo appropriate bone remodeling and integrate 
with the host tissue in vivo. Achieving this goal requires 
a deep understanding of the complex biological processes 
involved in bone regeneration and the development of 
materials and techniques that can mimic these processes. 
By enhancing the vascularization, mechanical properties, 
and biological signals within the engineered construct 
and using advanced preclinical models, it is possible 
to develop functional bone substitutes that can be 
successfully integrated into the body for the repair of bone 
defects (62).

Conclusion
In vivo conditions play a pivotal role in the success of BTE, 
as they provide a complex and dynamic environment 
that mimics the biological processes essential for bone 
regeneration. The ability to recreate the mechanical, 
biochemical, and cellular characteristics of the natural 
bone tissue within a living organism is crucial for the 
development of effective bone substitutes. While in vitro 
studies offer valuable insights, in vivo models provide 
a more accurate representation of how engineered 
constructs interact with surrounding tissues, vascular 
networks, and immune responses. BTE strategies must 
account for several in vivo factors, including scaffold 
integration, osteointegration, growth factor release, 
vascularization, and the regulation of cell differentiation. 
Furthermore, challenges posed by immune rejection, 
inflammatory responses, and the optimization of 
mechanical properties need to be carefully addressed to 
ensure the longevity and functionality of the engineered 
bone tissue. Advancements in biomaterials, gene therapy, 
and stem cell technology are significantly improving 
the prospects of in vivo bone regeneration, bringing us 
closer to clinically viable solutions for bone defects and 
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disorders. Eventually, the continued refinement of in 
vivo models and a deeper understanding of the tissue 
microenvironment are necessary for developing BTE 
therapies that are effective, sustainable, and safe and can 
provide long-term functional outcomes for patients.
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