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Musculoskeletal injuries and degenerative conditions necessitate advanced regenerative 
solutions. Tissue engineering has emerged as a pivotal field in orthopedic care, 
particularly in vascularized bone and cartilage regeneration. This narrative review 
examines the latest advancements in vascular tissue engineering, including scaffold 
design, cell-based techniques, and growth factor delivery. A comprehensive literature 
search was conducted using PubMed, ScienceDirect, and Google Scholar, focusing on 
innovations and challenges in the field. Vascularized bone grafts (VBGs) outperform 
non-vascularized counterparts in promoting healing and integration. Advances in 
scaffold materials, such as smart scaffolds and hybrid biomaterials, enhance osteogenesis 
and angiogenesis. Cellular therapies, utilizing mesenchymal stem cells and induced 
pluripotent stem cells, synergistically improve vascularization and bone regeneration. 
Growth factors like VEGF and bone morphogenic protein (BMP-2), integrated with 
innovative delivery systems, enable sustained angiogenic stimulation and scaffold 
integration. While significant strides have been made, challenges persist in achieving full 
vascular integration and replicating native tissue architecture. Innovations in scaffold 
technology and vascular surgery techniques hold promise for transforming orthopedic 
tissue engineering and improving patient outcomes. 

I. INTRODUCTION 

Musculoskeletal, bone, and cartilage injuries are increasing 
due to demographic aging and the growing focus on exer
cise, underscoring the need for advanced treatment and re
habilitation strategies to enhance patient care and quality 
of life.1 The emergence of regenerative medicine has paved 
the way for successfully recreating healthy tissues.2 

Regenerative medicine, a rapidly advancing field, en
compasses tissue engineering as a critical component that 
seeks to restore damaged tissues and improve overall func
tionality. Recent innovations in orthopedic tissue engineer
ing focus on regenerating bone, cartilage, and muscu
loskeletal tissues using engineered constructs to improve 
patient outcomes and quality of life.3 The trajectory of or
thopedic surgery has shifted with the advent of minimally 
invasive surgical techniques that reduce surgical and post
operative trauma.4 

Orthopedic tissue regeneration relies on four essential 
components: cells, signals, scaffolds, and a suitable me
chanical environment. Strategies to combine these compo
nents are intensively researched to ensure clinically effec
tive tissue regeneration.3 

Grafts can be developed from various stem cell types, 
such as mesenchymal, embryonic, and pluripotent stem 
cells, each evaluated for their potential in tissue regener
ation. Scaffolds, which can be derived from natural mate
rials, synthetic substances, or devitalized extracellular ma
trices, offer benefits and limitations depending on their 
source.5 

Given the highly grafted nature of bone, vascularization 
is crucial to ensure successful tissue integration and long-
term graft viability.6 Vascular tissue engineering aims to 
create functional vascular networks within engineered tis
sues, facilitating their growth and integration into the host. 
Integrating vascular surgery techniques into orthopedic tis
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sue engineering holds promise for addressing complex 
cases like non-union fractures and avascular necrosis.7,8 

This review examines the advancements, challenges, and 
future directions of vascular tissue engineering in orthope
dics, focusing on innovations in scaffold design, biomate
rials, progenitor cell grafts, angiogenic factor delivery, and 
the application of vascularized grafts for bone, cartilage, 
and joint repair. 

II. MATERIALS AND METHODS 

A comprehensive literature review was conducted to ex
plore vascularized bone grafts and tissue engineering ap
proaches in orthopedics. The search included articles pub
lished in peer-reviewed journals, accessed through 
PubMed, ScienceDirect, and Google Scholar. Search terms 
included “vascularized bone grafts,” “orthopedic tissue en
gineering,” “scaffold design,” “vascular tissue engineering,” 
“angiogenesis,” and “growth factor delivery.” Studies were 
selected based on relevance to bone and cartilage regenera
tion, with an emphasis on recent advancements in scaffold 
materials, cell-based therapies, and vascularization tech
niques. 

III. THE ROLE OF VASCULARIZATION 
STRATEGIES IN ENHANCING BONE AND 
CARTILAGE HEALING 

IMPORTANCE OF VASCULARIZATION 

Non-union fractures remain a frequent complication in or
thopedic surgery despite significant research advance
ments. Adequate vascularization plays a key role in ensur
ing successful bone regeneration by providing the callus 
tissue with the essential oxygen, nutrients, and growth fac
tors.9 Similarly, the successful treatment of large segmental 
bone defects is also hindered by factors like infection, tu
mor resection, and soft tissue damage. Thus, effective heal
ing relies heavily on restoring a large volume of bone, mak
ing vascularization strategies crucial for supporting bone 
regeneration and remodeling.10 

VASCULARIZED BONE GRAFTS 

Vascularized bone grafts (VBGs) have proved superior to 
non-vascularized bone grafts (NVBGs) because VBGs con
tain living osteocytes and active blood flow, allowing for di
rect healing and better preservation of biomechanical prop
erties and mineral content, thereby reducing bone 
resorption and enhancing healing potential.11 Unlike 
NVBGs, which rely on creeping substitution through a dead 
bone matrix, VBGs can effectively remodel and integrate 
into the recipient site even in avascular environments, pre
venting complications like non-unions, infections, and 
graft failure.12,13 

Table 1 represents a detailed comparison of various vas
cularized bone grafts, outlining their locations, indications, 
vascular contributions, potential complications, and addi
tional clinical considerations.11,14‑21 Figure 1 represents 

an overview of scaffold-based platforms for stem cell and 
growth factor delivery in bone tissue engineering. 

VASCULAR SURGERY TECHNIQUES FOR LIMB SALVAGE 

In addition to the use of vascularized bone grafts for re
constructing non-union fractures and large bone defects, 
vascular surgery techniques play an equally critical role in 
limb salvage procedures. In cases of severe trauma or com
promised blood flow, techniques such as arterial bypass 
and vein grafting become essential for restoring circulation 
and ensuring the viability of both soft tissue and bone. 
Lower extremity bypass surgery involves using an autoge
nous vein, like the ipsilateral greater saphenous vein (GSV), 
to bypass arterial obstructions, identified through preoper
ative vascular imaging, from a proximal to a distal site.22 

This procedure is especially crucial for patients with 
chronic limb-threatening ischemia and distal occlusive dis
ease, where autologous veins are preferred over prosthetic 
grafts for better long-term outcomes.23 The small saphe
nous vein (SSV) can also be used in patients when harvest
ing the GSV is difficult.24 

Advancing beyond current approaches, the integration 
of novel scaffold designs, improved growth factor delivery 
systems, and cell-based techniques are driving the future of 
vascular tissue engineering in orthopedics. 

IV. ADVANCES IN VASCULAR TISSUE 
ENGINEERING FOR BONE REGENERATION 

Although VBGs are commonly used for bone repair, draw
backs such as the limited availability of autologous bone 
grafts and issues like donor site morbidity, along with the 
potential for rejection in allogeneic grafts, can increase the 
risk of implant failure.25 Thus, engineered vascular tissues 
have emerged as a viable alternative, with an emphasis on 
incorporating pro-angiogenic factors like vascular endothe
lial growth factor (VEGF) into scaffolds to promote the 
blood vessel formation within the engineered constructs, 
facilitating osteogenesis and tissue integration.25 Addi
tionally, scaffold designs that mimic the natural bone mi
cro-environment can significantly improve the vasculariza
tion process and lead to faster bone regeneration.26 

A. CELLULAR TECHNIQUES 

Cellular techniques are pivotal in creating functional vas
cular networks for bone regeneration in orthopedic applica
tions. Endothelial cells (ECs) initiate angiogenesis by form
ing the framework for vascular networks, ensuring nutrient 
delivery, oxygen supply, and waste removal critical for bone 
healing.27 Mesenchymal stem cells (MSCs) enhance vascu
larization by differentiating into multiple cell types and re
leasing pro-angiogenic factors like VEGF, supporting en
dothelial proliferation and maturation.28 Induced 
pluripotent stem cells (iPSCs) provide scalability and po
tential for patient-specific therapy, crucial for long-term 
vascular integration.29 Advances in nano-polypeptide hy
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Table 1. Comparison of vascularized bone grafts for locations, indications and clinical considerations            

Graft 
Location 

Bone Type and 
Description 

Vascular Contribution Indications Morbidity/ 
Complications 

Fibula Tubular bone, 
segment length 
26-30 cm 

Peroneal artery Large segmental bone defects, 
mandibular reconstruction (esp. 
double-barrel technique for 
anterior defects), femoral head 
necrosis 

Donor-site 
morbidity (e.g., 
peroneal nerve 
injury, lower 
extremity blood 
flow) 

Medial 
Femoral 
Condyle 

Cortico-cancellous, 
cortical surfaces, 
and potential 
osteo-cartilaginous 
structure 

Descending genicular 
artery 

Small to moderate bone defects, 
scaphoid non-union, avascular 
necrosis of carpal bones, 
extremity defects 

Temporary knee 
pain common 
post-surgery 

Distal 
Radius 

(Pedicled) 

Cortical bone, 
limited volume, 
vascularized 
pedicled graft for 
small 
reconstructions 

Radial artery Small bone defects, particularly in 
carpal bones (e.g., scaphoid non-
union, avascular necrosis of 
scaphoid) 

Limited bone 
tissue, risk of 
donor site 
fracture, scarring 

Iliac Crest Cortico-cancellous, 
large concave 
shape 

Deep circumflex iliac 
artery (DCIA) 

Structural and contour defects in 
mandible, maxillofacial, and 
upper/lower extremity 
reconstructions 

Risk of contour 
deformity, 
infection, chronic 
pain 

Scapula Multilamellar 
structure, cortical 
and cancellous 

Angular branch of 
thoracodorsal artery 
(TDa) 

Moderate to large bone defects, 
complex composite tissue 
defects, especially in elderly 
patients with vascular disease 

Shoulder and arm 
dysfunction, 
seroma 

Rib 
(Costal) 

Membranous bone 
with dual blood 
supply 

Posterior intercostal 
artery and periosteal 
supply from serratus 
anterior (via 
thoracodorsal artery) 

Lower/upper extremity (e.g., 
humerus, clavicle, carpal non-
union) and maxillofacial defects, 
jawbone substitute for mandible 

Infection, chronic 
pain 

Clavicle Cortico-cancellous, 
3-7 cm 

Supraclavicular artery, 
superior thyroid artery 

Shoulder and chest wall defects Reduced 
shoulder 
strength, donor-
site morbidity 

Metatarsal 
(second) 

Cortico-cancellous Descending genicular 
artery 

Small defect reconstruction in the 
foot 

Pain, discomfort 

drogels and 3D printing improve scaffold designs, facilitat
ing stem cell differentiation and angiogenesis.30 

The integration of cell-based approaches in orthopedic 
tissue engineering represents a promising avenue for devel
oping vascularized bone constructs. Across multiple stud
ies, the synergistic use of MSCs and ECs has emerged as 
a fundamental strategy to promote both angiogenesis and 
osteogenesis, enhancing bone healing in large defects.29,
31‑33 

The inclusion of induced pluripotent stem cells (iPSCs) 
adds versatility, allowing for differentiation into multiple 
cell types and enabling patient-specific therapies, which 
are critical for achieving better integration and functional 
outcomes in engineered bone tissues.34,35 Replicating nat
ural developmental processes, such as endochondral ossi
fication, further strengthens the formation of mature bone 
structures, underscoring the importance of physiological 
pathways in engineering vascularized bone.32,36 

Innovations in scaffold-free techniques, like tempera
ture-responsive cell sheets, allow for the autonomous for
mation of functional tissue analogues.33 These methods 
not only enhance scalability but also improve vascular in

tegration, addressing critical challenges in treating com
plex orthopedic defects.33 Further innovations in cell-based 
approaches include automated systems that streamline the 
production of multi-layered tissue constructs, enhancing 
scalability and reproducibility. These systems utilize ro
botic platforms to assemble cell sheets, enabling efficient 
production of pre-vascularized structures suitable for large, 
complex orthopedic defects.33,37 However, given their re
cent advent, studies are yet to yield decisive data pertaining 
to the advantages of using such systems. 

B. GROWTH FACTOR DELIVERY 

Effective growth factor delivery is essential for promoting 
angiogenesis and bone regeneration in orthopedic tissue 
engineering. VEGF drives blood vessel formation, while fac
tors like basic fibroblast growth factor (bFGF), platelet-de
rived growth factor (PDGF), and angiopoietins stabilize and 
mature vascular networks, crucial for integrating engi
neered constructs into bone tissues.38 Strategies such as 
incorporating VEGF into biodegradable scaffolds provide 
sustained angiogenic stimulation during scaffold degrada
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Figure 1. Overview of scaffold types in bone tissue engineering         

tion, fostering vascular growth and bone healing.39 Com
bining VEGF with bFGF enhances endothelial cell prolifer
ation and migration, accelerating early vessel formation.40,
41 Nanoparticle encapsulation of VEGF and PDGF enables 
controlled release, stabilizing vascular networks within 
bone defects.42 

Hydrogels, with their hydrophilic properties, deliver 
VEGF and angiopoietin-1 locally and efficiently, ensuring 
mature vascular networks for enhanced osteogenesis.43 

Gene delivery techniques further enable sustained VEGF 
production, supporting long-term angiogenesis in large 
bone defects, particularly when combined with bFGF or 
PDGF for vascular stabilization.44,45 

Electrospun fibers and microspheres integrated into 
scaffolds offer sequential release of VEGF, bFGF, and PDGF, 
promoting vascular density and maturity essential for or
thopedic repair.46,47 These approaches ensure targeted an
giogenesis, creating vascularized environments critical for 
effective bone regeneration. 

Recent studies have explored various applications of fac
tors like BMPs and PDGF in bone tissue engineering, fo
cusing on effective delivery methods and combinatory ap
proaches to enhance outcomes.48 For instance, PDGF-BB 
loaded onto tricalcium phosphate (TCP) particles is noted 
for promoting cell recruitment and revascularization, with 
applications in fractures and joint fusions.49,50 In clinical 
trials, it demonstrated comparable effectiveness to auto
grafts, with over 66% fusion rates observed at 24 weeks 
postoperatively.49 

FGF2 and BMP-2, combined with VEGF on silica-coated 
nanohydroxyapatite and gelatin scaffolds, were shown to 
stimulate vascularization and bone regeneration in calvar
ial defects, with varied release rates across growth fac
tors.51 For BMP-2, polyelectrolyte film coatings on hollow 

poly(lactic-co-glycolic) acid (PLGA) tubes allowed tunable 
release, facilitating rapid bone formation in femoral de
fects.52 A similar focus on BMP-2 and TGF-beta1 was seen 
in silk fibroin-based scaffolds, which promoted mesenchy
mal and osteoblast proliferation, enhancing osseointegra
tion.53 

The combination of BMP-2 and FGF-2 on gelatin 
nanofibers stimulated osteogenic gene expression, while 
PDGF on poly-lactic acid (PLLA) nanofibers promoted vas
cularized bone regeneration in mouse calvarial de
fects.54‑56 Finally, VEGF and BMP-2 incorporated into mi
crospheres with chitosan hydrogels achieved sustained 
release, leading to bone repair and callus remodeling in 
rabbit mandibular defects over 12 weeks.56 Table 2 rep
resents a summary of key growth factors utilized in bone 
tissue engineering, highlighting their sources, biological 
roles, mechanisms of action, and primary functions when 
integrated into scaffold-based applications.57‑62 

C. SCAFFOLD-BASED APPROACHES 

Scaffold-based techniques are central to vascular tissue en
gineering, designed to replicate the extracellular matrix 
(ECM) and support cell growth, differentiation, and vessel 
formation.63 These scaffolds use a variety of biomateri
als—natural, synthetic, or a combination of both—tailored 
to mimic the structural and functional properties of native 
tissues. 

Natural polymers such as collagen, gelatin, and fibrin 
are biocompatible and degrade into non-toxic by-products, 
promoting endothelial cell proliferation, ECM synthesis, 
and osteoblast adhesion and integration.64 In contrast, 
synthetic options like polylactic acid (PLA), polycaprolac
tone (PCL), and polyglycolic acid (PGA) provide superior 
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Table 2. Growth factors utilized in bone tissue engineering through direct application or scaffold delivery              

Growth Factor Primary Source Key Biological 
Roles 

Mechanism of 
Action 

Main Functions 

Fibroblast 
Growth Factor 

Mesenchymal, 
Osteoblast, 
Chondrocyte, 
Inflammatory Cells, 
Endothelial 

Promotes 
angiogenesis 
and tissue 
growth 

Angiogenesis, 
proliferation, 
osteogenic 
differentiation 

Encourages osteoblast 
proliferation; potent in wound 
healing and tissue repair 

Vascular 
Endothelial 
Growth Factor 

Platelets, Osteoblast, 
Chondrocyte 

Supports 
angiogenesis 
and 
chemotactic 
signaling 

Angiogenesis Key in endothelial cell proliferation 
and survival, supplying nutrients 
through new blood vessels 

Bone 
Morphogenetic 
Protein 

Mesenchymal, 
Osteoblast, 
Endothelial, 
Chondrocyte 

Drives bone 
formation, 
chondrogenic 
and osteogenic 

Bone induction Stimulates MSC migration and 
differentiation into osteoblasts, 
promoting bone formation without 
activating osteoclasts 

Insulin-Like 
Growth Factor 

Osteoblast, 
Chondrocyte, 
Hepatocyte, 
Endothelial 

Anabolic 
effects on bone 
matrix 
synthesis 

Osteogenic 
stimulation 

Enhances osteoblast proliferation, 
bone matrix production, and 
stimulates osteoclasts 

Platelet-
Derived 
Growth Factor 

Platelets, Osteoblast, 
Inflammatory Cells, 
Endothelial 

Facilitates cell 
proliferation 
and tissue 
repair 

Cell 
proliferation, 
vascularization 

Central to wound healing and bone 
repair by promoting cell growth and 
angiogenesis 

Transforming 
Growth 
Factor- β β

Platelets, Osteoblast, 
Chondrocyte, 
Inflammatory Cells, 
Fibroblast, 
Endothelial 

Osteoinductive, 
modulates 
immune 
responses 

Differentiation 
of 
chondrogenic 
and osteogenic 
pathways 

Stimulates bone growth by 
enhancing osteoprogenitor cells, 
ECM synthesis, and controlling 
osteoclast activity 

Hepatocyte 
Growth Factor 

Fibroblast, 
Endothelial Cells 

Stimulates cell 
motility and 
proliferation 

Mitogenic and 
morphogenic 
signaling 

Promotes angiogenesis and tissue 
regeneration, often aiding in liver 
and wound repair processes 

Epidermal 
Growth Factor 

Platelets, Salivary 
Glands 

Enhances 
epithelial and 
fibroblast 
growth 

Cell 
proliferation, 
epithelialization 

Accelerates wound healing and skin 
regeneration, important for 
epithelial cell growth and repair 

control over mechanical properties, degradation rates, and 
resistance to physiological stresses,65,66 making them ideal 
for load-bearing orthopedic applications. Hybrid scaffolds, 
combining natural and synthetic materials, enhance os
teoconductivity while maintaining structural integrity, en
abling vessel maturation, bone formation, and defect heal
ing.67,68 

Advanced fabrication techniques, including 3D printing 
and electrospinning, allow precise control over scaffold 
porosity, pore size, and distribution.66,67 These features are 
critical for nutrient diffusion, capillary network formation, 
and cellular infiltration, directly supporting vascular and 
bone regeneration.69 Furthermore, modifications to scaf
fold surface roughness (0.2–2 µm) and charge properties 
optimize osteoblast activity while preventing bacterial ad
hesion, reducing the risk of infection in orthopedic im
plants.70,71 

Smart Scaffolds represent a significant innovation in or
thopedic tissue engineering, enabling scaffolds to sense 
and respond to external and internal stimuli.72 These in
clude exogenous triggers, such as light or mechanical 
forces, and endogenous factors, like inflammation or bac
terial activity, which can activate localized drug delivery 

or adaptive scaffold deployment.72 Such dynamic systems 
align with the functional demands of bone repair and re
generation, making smart scaffolds highly effective for tar
geted therapeutic outcomes. 

The impact of a scaffold on native cells is a key factor 
in material selection. Scaffolds can be osteoconductive, al
lowing bone growth (like calcium sulfates), or osteoinduc
tive, actively stimulating bone formation in defects that 
would not heal on their own (like demineralized bone ma
trix).73 Recent advancements in scaffold design for ortho
pedics focus on enhancing vascularization, bone regenera
tion, and infection prevention.74 Biomaterials like modified 
collagen, elastin-like polymers, and bioactive ceramics im
prove cell adhesion, proliferation, and differentiation while 
3D-printed scaffolds allow precise control of porosity, pro
moting nutrient exchange and capillary growth.75,76 Figure 
2 highlights the key factors and technologies in scaffold de
sign for bone regeneration. 
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Figure 2. Overview of scaffold design for bone tissue engineering in terms of biological properties, material               
properties, and manufacturing techniques     

V. TISSUE ENGINEERING CHALLENGES IN 
ORTHOPEDICS 

Despite current advancements in vascular tissue engineer
ing, there remain unique limitations in generating vascular 
tissue that retains biological functionality, particularly in 
orthopedics. Vascularization of load-bearing tissues such as 
bone and cartilage require full graft integration on multi
ple hierarchical levels which proves to be challenging due 
to graft necrosis, limited diffusion of nutrients, and lack of 
integration with host issue.77 Bone tissue is composed of 
extracellular matrix signaling factors and bone cells which 
function in the formation and remodeling of natural bone 
tissue, and any graft intended to repair and regenerate 
bone must contain osteoconductive, osteoinductive, and 
osteogenic properties.78 Vasculature repair in orthopedic 
tissues requires large perfusable blood vessel grafts at the 
injury site, then microvascular beds are needed as bone tis
sue faces a diffusion limit of 100–300 µm.78,79 To obtain 
functionality of grafted large blood vessels, specially de
signed biomaterials must be used to mimic the structural 
compositions of the different vascular layers.80 Some major 
limitations include recreating the distribution of cells 
within the three layers of vascular tissues in their natural 
arrangements. Moreover, reproducing a biocompatible sur
face that contains anti-thrombogenic properties remains a 
challenge.81 The gold standard for bone repair is comprised 
of autologous grafts which improve vascularization; how
ever, the autograft supply is limited and can cause pain at 
the donor site.78 Sourcing decellularized xenogenic tissues 
for grafts has been used, which can avoid some compli
cations of autologous grafts; however, severe immune re

sponses to the graft may arise.82 Recent advances include 
the development of porous bioactive glass-ceramic scaf
folds which enhance nutrient flow, yet the challenge of vas
cularization remains present.83 Another proposed alterna
tive is using soft materials such as hydrogels for matrices as 
they can sustain cell viability for long periods of time; how
ever, they face difficulty in integrating within the host tis
sue as their structure is easy to disrupt.57,84 

Moreover, innervation has become a new focus in the de
velopment of vascularized tissue-engineered bone. Restor
ing sensory innervation and suppressing sympathetic nerve 
activation have demonstrated the ability to enhance the os
teogenic properties of functional scaffolds.85 

Despite the myriad advancements in the field of recon
structive surgery, one chief hurdle that remains to be over
come is the intrinsic properties of cartilage in being avascu
lar – as well as aneural and alymphatic.86 However, recent 
studies have manifested the ability to vascularize tissue-
engineered cartilage in animal models, which may pave the 
way for important clinical implications.87,88 

Overall, vascularization in tissue engineering faces chal
lenges such as incomplete vascular integration, limited dif
fusion of nutrients, long-term viability, difficulty in repli
cating native vascular architectures as well as obstacles in 
immune response and the mechanical stability of scaffolds. 

VI. CONCLUSION 

Orthopedic tissue engineering, especially in the realm of 
vascularized bone and cartilage regeneration, holds im
mense potential for addressing complex musculoskeletal 
injuries and degenerative conditions. Significant advance
ments in scaffold design, cell-based therapies, and growth 
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factor delivery have demonstrated promise in promoting 
vascularization, essential for successful tissue integration 
and long-term graft viability. However, formidable chal
lenges remain, particularly in achieving full vascular inte
gration and replicating the hierarchical structure of native 
bone and cartilage. Innovations such as smart scaffolds, 
hybrid biomaterials, and gene delivery systems are paving 
the way toward more effective therapeutic options. Future 
research should prioritize overcoming the intrinsic limita
tions in scaffold vascularization and optimizing graft me
chanical stability to improve clinical outcomes. The inte
gration of vascular and orthopedic engineering techniques 
may ultimately establish new standards of care, enhancing 
patient recovery and quality of life. 
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