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ABSTRACT 

Orthopedics is transcending towards biologically mediated regeneration, which was initially restricted to 
mechanical repair, through the invention of biomaterials, artificial intelligence and imaging. This systematic 
review analyses 187 literature on biologic therapies, advanced imaging and smart scaffolds, clinical 
translation in precision orthopedics and AI applications. The results reveal that bioactive scaffolds, including 
hydrogels and 3D-bioprinted constructs, foster improved biological interaction and bone healing. 
Additionally, CT, spectral CT, and MRI enhance the regeneration monitoring approach. Outcomes are 
predicted better, and images are analyzed deeply, which helps in the optimization of scaffolds. In analysis, 
personalized and responsive technologies enable repairing of the musculoskeletal system, despite barriers in 
affordability, regulation and manufacturing. However, this study has limited generalizability due to 
heterogeneous evidence base, and most of them are in the preclinical stages. Hence, in the long term, researchers 
need to see the long-term effects of the clinical data. 
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1. INTRODUCTION 

Based on the principles of mechanical 
stabilization using metallic implants, orthopedics has 
redefined the concept of bone restoration. While the 
concept of allografts and autografts is on the rise, 
biological regeneration has not been achieved to its 
fullest extent. This has resulted in complications such 
as donor site morbidity, non-union and failure of 
implants [1]. Currently, the orthopedic concepts have 
shifted to a personalized approach, whereby 
precision medicines are prioritized, and the therapies 
are biologically well-suited to the patients. This 
transition is guided by advances in biomaterials that 
are active in bone regeneration, in line with high-
resolution imaging technologies that offer an in-
depth insight into the healing microenvironment [3].  
Contextually, the domain has progressed beyond 
inert implants, showing a transition towards 
biomaterial scaffolds that are specifically designed to 
support osteo-induction, osteo-conduction, 
immunomodulation and angiogenesis in an active 
manner [4,5]. Growth factors, cells or genetic 
materials could be combined with bioprinting and 
3D printing to produce these scaffolds, which could 
be potentially used to make constructs that repair 
tissues [6]. Simultaneously, vascularisation, 
formation of new bones and integration of scaffolds 
could be assessed longitudinally via advanced 
imaging modalities such as MRI, micro-CT and 
spectral photon counting CT. Furthermore, artificial 
intelligence (AI) reinforces this methodology, 
particularly by extracting meaningful imaging 
features and predicting outcomes, thus moving 
towards advanced strategies for individual treatment 
[8]. Overall, this review systematically analyses 187 
records that bring together biomaterials, AI in bone 
healing and imaging in a single framework, 
elaborating on how new-age scaffolds enable bone 
repairing, how healing could be tracked using 
imaging, and how AI could improve the treatment 
plan for the same. The review also emphasizes the 
challenges that are faced during the implementation 
of this new age technology, based on scalability and 
integration in routine hospital setups.  

2. SEARCH METHODOLOGY 

In this study, a systematic review was conducted 
in accordance with the PRISMA criteria. Academic 
databases such as MedLine, Scopus, and Web of 
Science were searched with 2010 as the lower time 
limit and July 2024 as the upper time limit.  The 
keywords used for searching the resources included 
"bone regeneration", “biomaterial", "imaging", 
"orthopedics", and “artificial intelligence”. These 

keywords were combined using Boolean Operators 
to result in a search string that was entered for 
screening the articles. A definite inclusion-exclusion 
criterion was decided before searching the articles. 
The articles were original research papers published 
in English between 2010 and 2024, and had 
information specific to advanced biomaterials on 
bone healing, molecular imaging, and preclinical 
studies that involved advanced structural, 
functional, and information on integration of 
scaffolds. Additionally, the research involved papers 
on AI, deep learning, computational models and 
machine learning. All the duplicates were removed. 
Papers containing only titles and abstracts were 
removed, and the articles lacking the keywords or 
their synonyms were excluded as well. Moreover, 
conference papers, editorials, abstracts and seminal 
concept articles were excluded from the review. The 
initial search resulted in 3,200 records, which were 
assessed for eligibility. Finally, a total of 187 articles 
were cited in this review. The search strategy in all 
the databases was as follows:   

("bone regeneration" OR "fracture healing" OR 
"critical-sized defect" OR osteogenesis) AND 
(biomaterial* OR scaffold* OR "3D printing" OR 
bioprinting OR hydrogel* OR "tissue engineering") 
AND (imaging OR MRI OR "micro-CT" OR "spectral 
CT" OR photoacoustic OR "molecular imaging") 
AND (orthopedic* OR musculoskeletal OR "clinical 
translation") AND ("artificial intelligence" OR 
"machine learning" OR "deep learning" OR 
"computational model*" OR radiomics) 

3. ADVANCED BIOMATERIAL SCAFFOLDS 
FOR BONE REGENERATION 

3.1. Design Principles and Fabrication 
Technologies 

The main aim of an ideal bone graft substitute 
could be categorized into osteo- conduction, osteo-
induction, and osteo-genesis [9]. Precisely, new bone 
formation and corresponding cells are guided by a 
framework of this scaffold, which supports the 
growth of new bone tissues, wherever possible. To 
perform this activity in a better way, the scaffold 
ought to have the appropriate strength, right 
structure, and degradation rate such that it can foster 
healing, without remaining in the body for an 
extended period, or collapsing too early [10,11]. A 
large section of these materials has been developed 
for this concern. Commonly bio-compatible materials 
such as bio-ceramics, viz. β-tricalcium phosphate (β-
TCP) and biphasic calcium phosphates (BCPs), and 
hydroxyapatite (HA) are used as they help the 
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growth of bones, onto their surface [12]. While 
bioactive glasses release ions which promote healing, 
and natural polymers such as chitosan, alginate, 
hyaluronic acid, and collagen show enhanced 
interaction with the cells, they frequently need 
strengthening in order to improve their mechanical 
performance [14]. Possibly, polycaprolactone (PCL), 
polylactic acid (PLA), poly(lactic-co-glycolic acid) 
(PLGA), and poly(ethylene glycol) (PEG), like 
synthetic polymers, have better control over strength 
and shape and decide how quickly bones can be 
broken down.   

The methods for fabrication have also progressed 
with time. Scaffolds these days could be designed in 
a patient-specific shape, owing to additive 
manufacturing that is widely used for scaffolding 
polymers. At the same time, finer structures could be 
produced from digital light processing (DLP) and 
stereolithography (SLA) for hydrogel-based 
scaffolds [16,17]. In this context, bioprinting takes 
advantage because it places living cells and bioactive 
materials into the printed structure, making it 
feasible to make bone constructs that are 
comparatively better active biologically [18,19]. 
Electrospinning produces very fine fibrous scaffolds 
that resemble the natural extracellular matrix and 
help stem cells attach and differentiate [20]. Finally, 
melt electrowriting (MEW) offers even more precise 
control over fibre placement and pore structure, 
which is useful for improving scaffold strength and 
architecture [21]. 

3.2. "Smart" And Bioresponsive Materials 

Rather than remaining completely passive, the 
next frontier in biomaterials is designed to respond 
to healing microenvironments. For instance, stimuli-
responsive hydrogels release growth factors, drugs, 
and genes in response to specific enzymatic [22-25] 
local pH shifts (e.g., acidic environment of infection 
or hypoxia) [23] or redox potential.[24] For instance, 
an MMP-sensitive PEG hydrogel delivering BMP-2 
supports the formation of new bones in remodelled 
areas, while reducing the growth of unwanted bones 
[25]. Beyond the scope of biochemical 
responsiveness, scaffold designs could also be 
integrated with physical cues that modulate 
regeneration. Other materials are designed in 
response to mechanical force by generating electrical 
surface charges under mechanical load that stimulate 
osteogenesis. Materials such as poly-L-lactic acid 
(PLLA) and barium titanate (BaTiO3) convert 
mechanical stress into bone regeneration signals, 
which are influenced by physical force and not by 
chemistry, that lay the foundation of bone healing 

[26].  
In addition to mechanical regulation and 

biochemical pathways that regulate the 
immunological responses, major principles in 
regenerative biomaterials have evolved, where the 
immune system plays a critical role in healing. 
Hereby, scaffolds could be designed to shift 
macrophages away from a comparatively stronger 
inflammatory response. This relates to a technically 
more efficient healing-associated rate, which is 
achieved through surface chemistry [27]. With the 
release of cytokines (e.g., IL-4, IL-10) [28] or bioactive 
ions like magnesium (Mg2+) and strontium (Sr2+), 
M2 macrophage polarization is promoted, which 
directly inhibits osteoclast activity [29]. Therefore, 
injectable biomaterials present a minimally invasive 
platform for increasing the chances of regeneration, 
building upon immunomodulatory and responsive 
strategies.  Self -Assembling Peptides and 
Supramolecular Polymers offer a synthetic ECM that 
can be injected minimally invasively [30]. Their 
dynamic nature allows for cell-responsive 
remodelling and can be functionalized with bioactive 
motifs for enhanced bioactivity. 

4. BIOLOGICS AND CELL-BASED 
THERAPEUTIC STRATEGIES 

4.1. Growth Factors and Cytokine Delivery 

The clinical application of recombinant human 
BMP-2 (rhBMP-2) and BMP-7 represents a 
cornerstone of biologic intervention for spinal fusion 
and critical-sized defects.[31] However, their use is 
marred by significant complications, including 
ectopic bone formation, inflammatory edema, and 
cyst formation, largely attributable to the 
supraphysiological, bolus doses required due to their 
short half-life and poor retention at the target 
site.[32]. For this purpose, the current research 
focuses on enhancing the location of growth factor 
delivery and its timing. Heparin-Based Systems bind 
to specific growth factors (BMP-2, VEGF, FGF-2), 
enabling their stabilization and sustained release 
from biomaterial scaffolds [33]. Apart from these 
stabilized agents, affinity-based biomaterials, such 
as engineering scaffolds with specific binding sites 
for growth factors, enable high local concentrations 
with slow-release kinetics [34].On the other hand, 
biomimetic gradients are a promising strategy, 
whereby growth factors are combined with their 
natural antagonists, such as  BMP-2 with Noggin, to 
reduce the off-target effects and mimic natural 
developmental signals [35]. Even though spatial 
control over signals is improved with this approach, 
several other approaches prioritize temporal control 
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during different stages of healing. For instance, a 
core-shell fibre system releasing VEGF for early 
blood vessel formation is followed by BMP-2 (to 
stimulate osteogenesis to increase better 
vascularization in bone repair in comparison to 
single-factor delivery or simultaneous co-
delivery.[36] 

4.2. Cell Therapy and the Rise of Exosomes and 
Extracellular Vesicles 

While mesenchymal stem cell (MSC) 
transplantation holds great promise, it faces 
translational hurdles related to low cell survival post-
implantation, phenotypic instability, potential 
immunogenicity, and tumorigenic concerns.[37] 
Consequently, the therapeutic paradigm is shifting 
decisively towards the use of MSC-derived 
secretome, particularly exosomes and other 
extracellular vehicles (EVs). Exosomes in this context 
are considered as acellular therapeutic agents, as 
these nanovesicles carry a complex cargo of miRNAs, 
mRNAs, cytokines, and enzymes that mediate the 
paracrine effects of MSCs.[38] Their advantages are 
profound: they are non-immunogenic, inherently 
stable, can cross biological barriers, and can be 
engineered as "designer" nanotherapeutics. Because 
they can reproduce most of the regenerative benefits 
of the stem cells, it ignores the risk of being linked to 
a live cell transplantation. Hence, exosomes are 
promising cell-free therapeutic agents. In previous 
preclinical studies, exosomes derived from 
osteogenic MSCs promote osteogenesis by targeting 
the GSK-3β pathway to activate β-catenin signalling 
[39]. At the same time, exosomal miR-214 is 
transferred to osteoclasts to inhibit their resorptive 
activity.[40] This not only accelerated healing in a rat 
model, suggesting that exosomes are capable of 
functional bone repair in combination with advanced 
biomaterial platforms [41]. In addition, their innate 
effects promoting regeneration, their ability in 
therapeutic grounds could be improved via targeted 
delivery approaches. Exosomes can be surface-
functionalized with targeting ligands (e.g., RGD 
peptides for integrin binding) to enhance their 
retention at the bone defect site [42].  

4.3. Gene-Activated Matrices and in Situ Tissue 
Engineering 

Gene therapy aims to overcome the short half-life 
of recombinant proteins by enabling sustained, local 
production of osteogenic factors by the patient's own 
cells. Also known as in-situ engineering, gene-
Activated Matrices (GAMs) serve as scaffolds that 
deliver therapeutic genes, which allow the repair site 

itself to generate signals that could regenerate [43]. 
Since there are safety concerns linked to viral vectors, 
lipid nanoparticles (LNPs) serve as one of the 
examples that are well-suited for localized gene 
delivery [44]. This strategy helps cells at the site of the 
defect to produce osteogenic factors in a more 
sustained way, instead of delivering the proteins 
directly. Recent work has shown that a collagen-
nanohydroxyapatite scaffold loaded with a BMP-2 
plasmid complexed with a novel peptide vector 
successfully healed a critical-sized femoral defect in 
a sheep model [45]. Drawing from the translational 
potential for large animal models, non-viral 
strategies such as mRNA vaccines have spurred 
interest in using mRNA for bone regeneration. 
mRNA encoding for osteogenic factors can be 
delivered via LNPs incorporated into scaffolds. This 
enables high-level protein expression without 
seeking entry into the nucleus, which eliminates the 
risk of genomic integration.[46] 

5. ADVANCED IMAGING FOR GUIDING 
AND MONITORING REGENERATION 

5.1. High-Resolution Structural and Functional 
Imaging 

 Micro-Computed Tomography (μCT) 

serves as the gold standard in preclinical research for 
assessment of osteogenesis inside scaffolds. It 
highlights the simultaneous visualization of nascent, 
poorly mineralized bone and blood vessels within 
the same scaffold.[47] Its clinical counterpart, high-
resolution peripheral quantitative CT (HR-pQCT), is 
used to monitor bone microarchitecture in metabolic 
diseases and is being adapted to assess the 
integration of bone grafts and scaffolds in 
patients.[48] In this regard, MRI offers unparalleled 
soft tissue contrast, crucial for assessing the early and 
intermediate stages of healing dominated by 
cartilage and fibrous tissue. While some of the MRI 
sequences could visualize scaffold materials, they are 
incapable of adapting to graft integration in patients, 
and generate high-resolution peripheral quantitative 
CT. Ultra-Short Echo Time (UTE) and Zero TE (ZTE) 
Sequences image the cortical bone, calcified cartilage, 
and many scaffold biomaterials that are not visible in 
conventional MRI.[49]. Additionally, diffusion 
Tensor Imaging (DTI) and Tractography track the 
alignment of collagen fibres within the healing callus, 
along with fractional anisotropy (FA), which maps 
provide an early, non-invasive indicator of the 
callus's mechanical strength and structural 
organization before significant mineralization occurs 
[50]. Dynamic Contrast-Enhanced (DCE) MRI 
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quantifies tissue perfusion (blood flow, blood 
volume) and permeability (Ktrans). This is a vital 
functional biomarker for assessing the success of 
angiogenic strategies and the viability of tissue 
within a scaffold.[51] At the same time, specific 
metabolites, such as glycosaminoglycans (GAGs), in 
the cartilaginous callus phase of endochondral 
ossification could be detected by Chemical Exchange 
Saturation Transfer (CEST), which provides a unique 
window into the biological process of healing.[52] 
Collectively, these approaches go beyond the concept 
of imaging, from structural assessment towards 
biological regression monitoring.  

5.2. Multimodal, Molecular, And Emerging 
Imaging Techniques 

The multimodal and molecular imaging 
technology offers additional data at the metabolic as 
well as cellular levels. The molecular information 
about structural imaging is offered by positron 
emission tomography (PET) in addition to CT or 
MRI, which reflects on bone formation and 
remodelling, as well as trace levels of 
infection/inflammation. At the same time, targeted 
tracers such as [68Ga]-NOTA-PRGD2 could be used 
to image angiogenesis, especially during bone repair 
[53]. On a clinical level, [18F]-fluoride PET/MRI 
allows distinguishing between pseudoarthritis and 
successful fusion, after the surgery of the spinal cord. 
Collectively, a comprehensive view of biological 
activity and anatomy could be visualized with these 
hybrid technologies. Most importantly, new 
technologies are also emerging that go beyond 
hybrid imaging, which enhance the visualization of 
the interface between the bone and the implant 
within the healing area. As evidenced, metal artifacts 
are reduced around the implants due to the 
distinguishing property of Spectral Photon-Counting 
CT (SPCCT) [55]. In addition, oxygenation in newly 
formed blood vessels found within the scaffolds 
could be assessed by photoacoustic imaging (PAI), 
which is much more significant owing to the 
regenerative effects of strong oxygen supply [56]. 
These techniques are much more precise than 
standard imaging, as the biological changes are 
distinctly visible under these images.  

5.3. The Transformative Role of Artificial 
Intelligence (AI) And Radiomics 

Increasingly complex datasets have led to 
artificial intelligence being integrated within imaging 
for the interpretation of biological information in a 
much more accurate way. While bones, soft tissues 
and scaffolds could be segmented automatically with 

the help of CT and MRI scans, AI could further make 
these scans even more precise, consistent and faster 
to analyze [57]. Beyond that, fractures could be 
detected and healed easily [58], while healing 
outcomes could be enhanced through clinical and 
imaging data [59]. These computational approaches 
tend to shape the design of the biomaterials beyond 
the scope of interpretation of images. Especially in a 
scaffold-based design, optimization could be done 
based on patient-specific architecture with the help 
of AI in scaffold designs, integrated with machine 
learning to promote the discovery of novel 
biomaterial [61].  

6. CLINICAL TRANSLATION AND THE 
PATH TO PERSONALIZATION 

While gene-activated materials añd 3D bioprinted 
scaffolds come across as advanced orthopedic 
technologies, their integration within the laboratory 
setups becomes challenging, followed by their 
incorporation in the routine hospitals [62]. 
Development of a single framework for the scaffold 
is the main challenge, as settings differ, which makes 
it differentially safe from one context to another, in 
terms of patient care. Controlled bioreactors and 
large-scale production systems require clinical use, 
which includes strong processes for quality control, 
particularly when living cells are involved. Hence, it 
is to be ensured that each of the implants is safe, 
effective and stable. 

The next barrier would be regulation, as it 
combines the features of biologic therapies and 
medical devices. However, they often face difficulties 
in perceiving approval pathways that are compatible 
with the human systems over the long term [63]; 
hence, they use the materials that do not trigger 
harmful reactions in the immune system over the 
long term, including non-toxic breakdown products. 
Although this translation could be slower in practice, 
the testing is quite costly, which restricts the 
scalability [63]. In this context, cost becomes another 
major barrier. Personalized grafts are complex in 
nature, and engineering them could be expensive in 
terms of research and development, although they 
could prove to be effective and safe [64]. Evidentially, 
they are expected to have better outcomes, such as 
shorter visits to the hospital, shorter stay duration, 
fewer repeat surgeries, and improved quality of life 
in comparison to the treatments currently available 
[64]. Simultaneously, these techniques need to be 
highly accessible worldwide, which is why 
reimbursement systems need to adopt them.  

Despite these barriers, the orthopedic domains are 
interested in personalized care as the future 
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treatment pathway aims to create an elaborate model 
for a bone defect in patients, starting with MRI and 
CT scans. In this context, AI systems could help in 
defect analysis, and the creation of a digital twin 
could help plan treatments and provide guidance to 
the patients accordingly [65]. Also, bio-engineering 
tools could help respond to nutrient flow before 
fabrication, in accordance with physical forces that 
potentially improve biological performance and 
strength. 3D bioprinting could be used to produce 
the scaffold, while being combined with the patient's 
own cells, gene-based therapies and exosomes [65]. 
This generates a type of living implant, specific to the 
individual in concern, which, after monitoring, 
healing could lead to blood vessel formation and 
scaffold integration. The fact also implies that if the 
progress of the telling process is slow enough, the 
system could be supported with adaptive 
interventions such as targeted stimulation to enable 
repairing [65]. This strategy results in a fixed plan 
that has a better responsive approach, forming a 
closed-loop concept.  

Furthermore, the model could strengthen the 
emerging technologies in an innovative yet better 
way. Implants could be modified in accordance with 
the body conditions, as shown by 4D printing. 
Moreover, oxygen levels, strain in real time, 
monitoring pH and contributing to an implant-
connected monitoring network could be fostered by 
biosensor-enabled scaffolds, which are described as 
the Internet of Medical Things in contemporary times 
[66-68]. In addition, safer translation could be 
ensured by reduced uncertainty, by using patient-
specific therapies such as a human-on-a-chip model 
[68]. Collectively, these developments indicate a 
future not only concerned with repairing damaged 
bones but with individualized regeneration and 
predictable therapies. 

7. CONCLUSION AND FUTURE 
PERSPECTIVES 

Orthopedics is emerging as a transformative 
domain, which is gradually being converged with 
modern-day imaging, AI and the introduction of 

biomaterials precisely. Transcending beyond passive 
mechanical repair, personalized and yet more 
specific, orthopedic researchers are designing smart 
scaffolds that shape the immunological responses, 
well-adapted to the healing microenvironments. 
Similarly, functional and molecular level of imaging 
lays the foundation for tissue repair and its 
monitoring, thus expanding the assessment beyond 
anatomy. This is where AI acts as a futuristic 
approach that helps improve prediction, automate 
evaluation, support more informed decision-making 
in therapies, and optimize the designs specific to 
patients. However, the study is limited by literature 
based on preclinical data or early translational 
studies, which restricts the scope of AI in this 
domain. Additionally, emerging developments seem 
to have evolved beyond the scope of this study, with 
machine learning, bio-sensor integrated scaffolds 
and digital twins invading the market. The third yet 
most important limitation remains that the included 
studies were heterogeneous in nature, in terms of 
biomaterial systems, study designs, outcome 
measures and imaging protocols. This not only limits 
the generalizability in broader meanings but also 
makes comparison difficult. Thus, standardization 
remains a major concern, demanding continued 
interdisciplinary research and robust clinical 
validation in the near future.  

Therefore, in future, researchers could consider 
multimodal imaging and patient-specific digital 
twins to guide adaptive intervention and monitor the 
healing process. This would inform therapy 
adjustments, biophysical stimulation, and targeted 
factor delivery while solving the problems for 
individualized rehabilitation. Additionally, the 
researchers must focus on progress towards a model, 
which emphasizes reliable regeneration of functional 
bone that is personalized for each patient. However, 
concerns regarding data governance, scalable 
manufacturing and regulation remain. This review 
thus informs intelligent care for the musculoskeletal 
system, with the integration of bioimaging and 
material science rather than simply focusing on 
repair.  
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