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Abstract  
Orthopaedic disorders, including fractures, osteoporosis, and implant-associated complications, represent a major global 
health burden requiring effective therapeutic interventions. Conventional drug delivery approaches often suffer from 
limited bioavailability, systemic toxicity, and inadequate localization at the target site, resulting in suboptimal clinical 
outcomes. Advanced drug delivery systems (DDS) have emerged as promising strategies to overcome these limitations 
by enabling targeted, controlled, and sustained release of therapeutics directly at the site of injury or disease. Recent 
advancements in nanotechnology, biomaterials, and smart delivery platforms have significantly improved the precision 
and efficacy of orthopaedic treatments. 
This review explores the evolving landscape of advanced drug delivery systems in orthopaedic surgery, highlighting their 
role in enhancing bone regeneration, reducing postoperative complications, and improving patient recovery. Various 
delivery platforms, including nanoparticles, hydrogels, scaffolds, and implant-integrated systems, are discussed in the 
context of their mechanisms and clinical relevance. Furthermore, the application of these systems in fracture healing, 
infection control, pain management, and degenerative bone diseases is critically examined. Emerging trends such as 
stimuli-responsive systems, 3D/4D printing, and artificial intelligence-driven therapeutics are also addressed. The review 
emphasizes current challenges, including translational barriers, regulatory concerns, and scalability issues, while outlining 
future directions for personalized and precision orthopaedic care. 
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therapeutics  
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1. Introduction 
Orthopaedic disorders, such as fractures, degenerative 
bone disorders, musculoskeletal injury, and implant 
complications, continue to create immense clinical and 
economic burden on the human health around the world. 
Irrespective of advances in the surgical technique and 
pharmacological therapy, the process of bone healing 
and postoperative recovery is challenging due to the 
physiological complexity of the bone tissue and low 
regenerative capacities of the impaired conditions. [1,2]. 
Traditional approaches to drug delivery, mostly by 
systemic methods, do not deliver therapeutic levels of 
drug to the target site and subject patients to undesirable 
systemic side effects [3]. The special structure and 
vascularity of the bone tissue make penetration and 
retention of drugs further complicated, which results in 
delayed healing, higher chances of infection, and failure 
of implants [4]. Such restrictions require the creation of 
new approaches that could be used to transport 
therapeutic agents to the site of action in an efficient and 
direct manner. 

The successes of improved drug delivery systems have 
resulted in the radical change of the pharmaceutical 
sciences as the precision, selectivity and treatment 
possibilities shot up. However, the successful 
translation of such innovations into clinical outcomes 
will not just be dependent on the design of the delivery 
system, but also on the successful implementation of the 
system into real-life settings. This review would suggest 
three pillars of success of drug delivery strategies in 
general, which would include patient compliance, 
medication safety and clinical effectiveness. The 
intervention of nursing turns out to be an important 
element in the combination of these elements. Making 
the drug delivery systems to work in the intended 
manner relies on nurses taking the right approach of 
administration of medication and patient education, 
constant supervision and efficient communication. 
Being in close and regular contact with patients, they 
can notice the possible obstacles of adherence, the first 
indications of adverse events and react to them timely 
and appropriately. These donations are important in 
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minimizing risk and maximizing the therapeutic 
advantages. The results of this review highlight that 
education and behavioral support offered by nursing 
professionals are important factors in determining 
patient compliance. Likewise, the use of standardized 
practices, close monitoring and technology solutions 
can also be used to enhance medication safety. When 
these elements are coordinated successfully and result 
in a better therapeutic outcome and patient health, 
clinical effectiveness is provided. In addition, the 
complexity of the new drug delivery systems is higher, 
and a multi-disciplinary approach is necessary, with 
nurses being an important factor of coordination. They 
may be engaged to ensure that patients are using the 
advanced technologies appropriately and to ensure that 
patients are appropriately assisted during their treatment. 
To sum up, the nursing interventions cannot be omitted 
in the drug delivery maximization. Nurses help close the 
gap between the innovation and patient care that may 
occur between the pharmaceutical innovations and the 
patients, resulting in a higher level of compliance, safety 
and clinical efficacy. With enhanced and more efficient 
healthcare delivery systems, more patient-centered 
healthcare delivery systems can be attained by 
enhancing nursing practices and bringing them closer to 
the drug delivery systems. 

 
2. Bone Biology and Therapeutic Targets 
Bone is a living highly vascularised connective tissue, 
in constant remodelling involving osteoblasts, 
osteoclasts and osteocytes, to maintain structural 
integrity and mineral homeostasis. Osteoblasts make the 
bone formation and synthesize the matrices and 
mineralize them, osteoclasts mediate bone resorption 
and osteocytes are referred to as mechanosensors that 
sustain the remodeling process. Bone healing is a 
highly-orchestrated process that includes inflammatory, 
reparative, and remodeling that is controlled by a 
cascade of cellular signaling pathways and biochemical 
mediators. Major molecular targets of therapeutic 
interest are bone morphogenetic proteins (BMPs), 
vascular endothelial growth factor (VEGF) angiogenic 
factors and regulatory pathways like 
RANK/RANKL/OPG and Wnt/ -catenin. These routes 
control major pathways including osteogenesis, 
angiogenesis and inflammation and hence are of interest 
to the state-of-the-art drug delivery systems. In an 
orthopaedic environment, selective regulation of these 
biological processes, directed therapeutics can be 
employed to stimulate bone growth, enhance fracture 
healing and optimize recovery after surgery. 

 

 
Figure 1. Bone Healing Phases and DDS Intervention 

 
2.1 Physiology of Bone Remodeling 
Bone is a dynamic and a highly specialized tissue which 
continuously remodels in life. This is through the 
concerted action of the osteoblasts, osteoclasts and 
osteocytes that oversee the bone forming process and 
the bone resorption process [11]. The osteoblasts are 
involved in producing the new bone matrix and the 
osteoclasts are involved in the resorption of the bone 
that ensures that the structure is healthy and that 
homeostasis of minerals is achieved. Osteocytes which 
are embedded in the bone matrix are the 
mechanosensory and play a key role in the coordination 
of remodelling. Bone microenvironment consists of a 
complex of interactions between biochemical signals, 
mechanical stimuli and cellular interactions. Some of 
the growth factors that are essential in various processes 
such as bone formation and angiogenesis include bone 
morphogenetic proteins (BMPs), vascular endothelial 

growth factor (VEGF), and transforming growth factor-
beta (TGF- 0) [12]. These are the signaling molecules 
the drugs delivery systems are significant in enhancing 
bone regeneration. 
 
2.2 Phases of Bone Healing 
Bone healing process is an extremely controlled and 
dynamic biological process that occurs in three 
overlapping stages which are inflammation, repair and 
remodeling [13]. The initial inflammatory process 
begins immediately after the injury, and is characterized 
by the occurrence of the hematoma and invasion of 
inflammatory cells in the fracture site. At this phase, a 
series of cytokines and growth factors are discharged 
that trigger the healing cascade and bring on-board the 
cells needed to regenerate the tissues. This is then 
succeeded by the repairing stage whereby a soft callus 
is developed around the point of fracture. This soft 
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callus mineralizes with time, into a hard callus, with the 
help of endochondral ossification. This is a highly 
sensitive step towards restoring structural continuity and 
stability of the injured bone. The last stage of 
remodeling is how the newly formed bone is gradually 
restructured and stiffened to enable it to resume its 
original architecture and mechanical characteristics. It is 

a phase where there is a close synchronisation of the 
osteoclasts and osteoblasts activities to make sure that 
the bones are well formed. The possibilities of both of 
these stages in terms of targeted delivery of any drug 
enable phase-specific intervention therapy with the 
prospect of enhancing the effectiveness of the healing 
and clinical outcomes. 

 
Table 1. Phases of Bone Healing and Therapeutic Opportunities 

Phase Key Biological Events Major Cells 
Involved 

Molecular Mediators Therapeutic 
Targets (DDS) 

Sources 

Inflammatory 
Phase 

Hematoma formation, 
inflammatory response, 
recruitment of immune 
cells 

Neutrophils, 
macrophages, 
platelets 

TNF-α, IL-6, 
cytokines, growth 
factors 

Anti-
inflammatory 
drugs, cytokine 
modulators 

[13], 
[14] 

Reparative 
Phase 

Soft callus formation 
followed by 
mineralization into hard 
callus 

Chondrocytes, 
osteoblasts 

BMP-2, BMP-7, 
VEGF 

Growth factor 
delivery, 
osteogenic drugs, 
angiogenic agents 

[13], 
[15] 

Remodeling 
Phase 

Bone reshaping and 
restoration of mechanical 
strength 

Osteoblasts, 
osteoclasts, 
osteocytes 

RANK/RANKL/OPG, 
Wnt/β-catenin 

Bone remodeling 
modulators, 
targeted DDS 

[13], 
[14], 
[15] 

 
2.3 Molecular Targets for Drug Delivery 
Developments in molecular biology have helped to 
identify some of the most crucial targets that can be used 
to promote bone healing by using advanced drug 
delivery systems. Among them, bone morphogenetic 
proteins (BMP-2 and BMP-7) are osteogenic growth 
factors that are believed to play a key role in the 
differentiation and activity of osteoblasts that stimulate 
the formation of new bone. New blood vessels are 
formed by angiogenic factors, especially vascular 
endothelial growth factor (VEGF), and is important in 
the provision of nutrients and oxygen to the healing 
tissue. Moreover, the early healing is controlled by 
inflammatory factors like tumor necrosis factor-alpha 
(TNF- ) and interleukin-6 (IL-6) that need to be 
controlled carefully to prevent excessive inflammation 
that may hamper regeneration. Major cell signaling 
pathways such as Wnt/ -catenin and 
RANK/RANKL/OPG also play major roles in ensuring 
the balance between bone formation and resorption. By 
inhibiting these molecular pathways with advanced drug 
delivery systems, it is possible to considerably enhance 
therapeutic outcomes by improving osteogenesis, 
angiogenesis, and maintaining controlled inflammatory 
responses in the course of the healing process [14,15]. 
 
3. Limitations of Conventional Drug Delivery in 
Orthopaedics 

Despite the adoption of pharmacological agents in 
orthopaedic practice, there are several limitations of the 
traditional mode of drug delivery that restrict its 
effectiveness. Systemic delivery may lead to inadequate 
localization of drugs at the injury location because of 
clearance and reduced vascularization of bone tissue 
[16]. Moreover, higher doses are usually needed to reach 
therapeutic levels, augmenting the danger of systemic 
toxicity and side effects [17]. This is especially a 
problem in long-term treatment like osteoporosis 
management where chronic exposure to the drug can 
cause complications. Inability of traditional delivery 
systems to deliver therapeutic agents in a sustained and 
controlled release is another major challenge. The fast 
degradation of the medications and their short half-lives 
restrict their effectiveness, and patients have to be 
administered frequently to ensure effective action [18]. 
Moreover, the traditional methods are not effective in 
handling the implant-related problems like infections 
and inadequate integration of the bone. The biofilm that 
develops on the surfaces of implants also makes it more 
difficult to treat since it makes antibiotics less effective 
and more resistant [19]. All these shortcomings 
highlight the importance of more advanced drug 
delivery protocols that will be able to overcome 
biological barriers, increase drug retention at the target 
site, and offer controlled release characteristics 
dependent on the healing process [20]. 

 
Table 2. Comparison Between Conventional and Advanced Drug Delivery Systems 

Parameter Conventional DDS Advanced DDS Sources 
Drug targeting Systemic Localized [3], [6] 
Bioavailability Low High [1], [9] 
Drug release Immediate Controlled [24], [34] 
Side effects High Reduced [5], [23] 
Patient compliance Low High [10], [20] 
Therapeutic efficiency Moderate High [21], [50] 
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Figure 2. Classification of Advanced Drug Delivery Systems 

 
4. Advanced Drug Delivery Systems in Orthopaedic Surgery 
Orthopaedic surgery has been revolutionized by the concept of advanced drug delivery systems (DDS) that allows the 
precise spatial and temporal control of pharmacological agents. In contrast to traditional methods of delivery that tend to 
be systemic, these systems are designed to target delivery of drugs to the injured or pathologic location. The targeted 
therapy can maximize therapeutic efficacy and reduce systemic exposure and related adverse effects. Recent innovations 
in nanotechnology, biomaterials and intelligent delivery systems have significantly expanded the scope and extent of use 
of DDS in orthopaedic surgeries [21,22]. 
 

Table 3. Classification of Advanced Drug Delivery Systems in Orthopaedic Surgery 
Category Type of 

System 
Key 
Materials 

Mechanism of 
Drug Delivery 

Advantages Limitations Source
s 

Nanotechnology
-based DDS 

Polymeric 
nanoparticle
s 

PLGA, 
chitosan 

Controlled 
degradation and 
diffusion 

Sustained 
release, high 
stability 

Cytotoxicity, 
scale-up 
issues 

[3], [6], 
[9], [21] 

 Liposomes Phospholipid
s 

Encapsulation 
and membrane 
fusion 

Biocompatible
, dual drug 
loading 

Stability 
issues 

[3], 
[15], 
[24] 

 Dendrimers PAMAM Surface 
functionalizatio
n 

High drug 
loading 

Toxicity 
concerns 

[2], 
[21], 
[28] 

 Metallic 
nanoparticle
s 

Gold, silver Ion release and 
surface 
interaction 

Antimicrobial Long-term 
safety issues 

[6], 
[19], 
[46] 

Biomaterial-
based DDS 

Hydrogels PEG, alginate Swelling-
controlled 
release 

Injectable, 
biocompatible 

Weak 
mechanical 
strength 

[31], 
[34], 
[39] 

 Scaffolds Collagen, 
CaP 

Matrix 
degradation 

Tissue 
regeneration 

Complex 
fabrication 

[13], 
[30], 
[35] 

 Bone 
cements 

PMMA Diffusion-based 
release 

Local therapy Non-
biodegradabl
e 

[5], [33] 

Implant-
integrated DDS 

Drug-eluting 
implants 

Titanium 
alloys 

Surface-
mediated release 

Prevent 
infection 

Regulatory 
complexity 

[33], 
[36] 

 Surface 
coatings 

Nanocoatings Controlled 
surface 
interaction 

Better 
integration 

Cost-
intensive 

[30], 
[37] 

Smart DDS Stimuli-
responsive 
systems 

Polymers Trigger-based 
release 

On-demand 
delivery 

Complex 
design 

[34], 
[49] 

Additive 
manufacturing 
DDS 

3D printing Biopolymers Spatial drug 
control 

Personalized 
therapy 

High cost [4], 
[41], 
[45] 

 4D printing Smart 
polymers 

Time-responsive 
behavior 

Adaptive 
release 

Limited 
clinical use 

[4], [42] 

 
4.1 Nanotechnology-Based Drug Delivery Systems 
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The development of nanotechnology-based systems of 
drug delivery has become the staple of current 
orthopaedic therapeutics because of their capability to 
work at both molecular and cellular levels. The systems 
increase the drug solubility, stability and bioavailability 
and enable specific delivery of drugs to bone tissues. 
Due to their high surface area and small size, 
nanoparticles are able to bypass biological barriers and 
target certain locations by both active and passive 
targeting [23]. Nano-particles of polymer particularly 
the biodegradable nanoparticles, particularly 
poly(lactic-co-glycolic acid) (PLGA) have gained a lot 
of attention because they can provide sustained and 
controlled drug delivery. These vehicles have the ability 
to trap osteogenic drugs and growth factors thereby 
stimulating the bone regeneration process and 
enhancing the healing process [24]. The other 
significant nanocarrier is the liposomes which have the 
ability to cover both hydrophilic and hydrophobic 
therapeutic agent and protect them against enzymatic 
destruction and improve pharmacokinetic properties 

[25]. Dendrimers of a high level of branching offer 
different functional groups to which the drugs and 
attaching ligands can be conjugated to the target. This 
flexibility has allowed a controlled loading and release 
kinetics of the drug to be controlled [26]. The 
nanoparticles of metals, especially gold and silver 
nanoparticles are of interest due to their natural 
antimicrobial properties that are immensely useful in 
avoiding implant-associated infection [27]. To further 
improve the efficiency of targeting, the nanoparticles 
may be functionalized with bone-seeking ligands which 
may be bisphosphonates, peptides or antibodies. These 
changes permit the selective buildup of bone tissues, 
thereby improving the treatment results and reducing 
the off-target effects [28]. However, despite these 
advantages, nanoparticle-based systems have 
significant issues, including potential cytotoxicity, 
immunogenicity, and large scale manufacturing issue. 
There are still issues of long-term safety and regulatory 
clearance that constrain their extensive clinical 
translation [29]. 

 

 
Figure 3. Mechanism of bone-targeted nanoparticle drug delivery 

 
4.2 Biomaterial-Based Drug Delivery Systems 
In orthopaedic biomaterials, drug delivery systems play 
a crucial role in the biomaterials, as they combine 
therapeutic activity with support. They are of great use 
especially in tissue engineering that recapitulates natural 
extracellular matrix and enables the cells to attach, 

proliferate and differentiate. The application of 
biomaterials as scaffold and drug carrier can be used to 
deliver therapeutic agents either locally and sustained 
delivery [30]. 
Hydrogels are the most studied biomaterials in this 
aspect. These polymeric networks are highly hydrated 
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and have good biocompatibility, as well as tunable 
mechanical properties, which makes them a good choice 
of injectable delivery systems. Injectable hydrogels 
allow a minor invasive operation, and can adapt to non-
uniform defects, leading to an effective localization of 
drugs. Their degradation properties can be precisely 
controlled to enable the release of encapsulated drugs, 
proteins or growth factors in the long run. In addition, 
therapeutic factors can be loaded into stimuli-reactive 
hydrogel systems since they react to the environment, 
e.g., pH or temperature, which further enhances their 
functions [31]. Natural or synthetic-based scaffolds such 
as collagen, calcium phosphate, and biodegradable 
polymers support new tissue formation and confer 
mechanical stability to the scaffold. These scaffolds do 

not only promote bone regeneration but also act as 
reservoirs of therapeutic factors whereby it is possible 
to deliver the drugs locally, over a prolonged period [32]. 
Likewise, antibiotic-impregnated or growth-factor-
impregnated bone cements are also common in 
orthopaedic surgery to avoid infection and improve 
healing results [33]. Although they have their benefits, 
biomaterial-based systems have limitations. There is 
still no time when exact control of drug release kinetics 
is possible, and to make sure that such materials can 
have enough mechanical properties to resist 
physiological loads. Moreover, the differences in the 
degradation rates and possible inflammatory reactions 
can influence their clinical performance [34]. 

 
Table 4. Biomaterials Used in Orthopaedic Drug Delivery Systems 

Material Type Examples Properties Application Advantages Sources 
Natural polymers Collagen, chitosan Biodegradable Scaffolds ECM mimicry [13], [32] 
Synthetic polymers PLGA, PEG Tunable Nanoparticles Controlled release [9], [24] 
Ceramics Hydroxyapatite Osteoconductive Bone repair High strength [30], [38] 
Metals Titanium, gold Strong Implants Durable [33], [48] 
Composites Polymer-ceramic Hybrid Tissue 

engineering 
Enhanced performance [35], [42] 

 
4.3 Implant-Integrated Drug Delivery Systems 
The implant-integrated drug delivery systems have been 
designed to overcome the related complications that 
may occur with the orthopaedic implants such as 
infections, inflammation and lack of osseointegration. 
They can be used to administer therapeutic agents to 
implant surfaces to provide local and sustained delivery 
of drugs and thereby improve clinical outcomes [35]. 
The drug-eluting implants will release anti-
inflammatory drugs or osteogenic factors, as well as 
antibiotics, into the body at a controlled rate. It is a local 
mode of delivery and it uniquely works in the prevention 
of formation of biofilms, which is a principle cause of 
implant failure. These systems can get rid of microbial 
contamination by keeping high local concentrations of 
drugs, and lowering systemic exposure [36]. One of the 
keys in the development of the implant-based DDS is 
the method of surface functionalization. Some of the 
processes that enable the control of drug loading and 
release profiles include plasma spraying, layer-by-layer 
assembly and nanocoating. The modifications also 
enhance the surface properties of the implants that 
promote the incorporation of the implants with the bone 
tissue around them [37]. However, mechanical and 
biological factors should be put into consideration when 
coming up with the systems that accommodate implants. 
There is need to make sure that incorporation of drugs 
does not interfere with structural integrity of the implant. 
Also, the regulatory issues that may arise with 
combination products, that is, a convergence of medical 
devices and pharmaceuticals, may make their clinical 
translation more difficult [37]. 
 
4.4 Stimuli-Responsive and Smart Drug Delivery 
Systems 

Stimuli-responsive drug delivery systems have become 
one of the most important developments in the sphere of 
orthopaedics and they provide an opportunity to 
administer therapeutic agents upon the appearance of 
certain physiological or pathological stimuli. Such 
systems are programmed to react to changes within the 
local environment, including but not limited to changes 
in pH, temperature, enzyme activity or mechanical 
stress, and are thus capable of delivering drugs with 
extreme precision and on demand [38]. 
As an example, the pH-responsive systems can be 
especially helpful in inflammatory diseases where 
acidosis in the local area might trigger drug release. 
Instead, enzyme-responsive systems make use of the 
availability of certain enzymes in diseased tissues to 
deliver drugs to the target. Temperature-responsive 
systems release drugs in reaction to changes in 
temperature and mechanically responsive systems are 
particularly applicable in orthopaedics where 
mechanical loading is an important factor in tissue 
functioning [38]. This is also complemented with smart 
drug delivery system which has sensing and feedback 
functionality which enables adaptive and controlled 
drug delivery. These can be integrated with 
nanotechnology and biomaterials to form 
multifunctional systems that can be used to tackle 
complex therapeutic problems [39]. Stimuli-responsive 
and smart DDS remain mostly in the experimental and 
preclinical phases, even though they have the potential. 
The big impediments to wide usage are their complexity, 
high cost of production and lack of clinical validation. 
They should be optimised with further research to 
achieve the maximum design, and ensure their safety 
and efficacy in the clinical field [40]. 
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Figure 4. Stimuli-Responsive Drug Delivery Systems (Simplified) 

 
4.5 3D and 4D Printing-Based Drug Delivery 
Platforms 
The orthopaedics drug delivery systems have been 
transformed by the additive manufacturing technologies 
especially the 3D and 4D printing technologies. Using 
these technologies one can create patient-specific 
implants and scaffolds with correct geometries and 
controlled drug-loading characteristics to facilitate 
personalized medicine [41]. With 3D printing, it is 
possible to create customized implants that are made to 
suit the anatomy of the particular patient. This level of 
personalization improves the integration and fit of 
implants and incorporation of therapeutic agents in the 
structure. The drug delivery in these printed constructs 
is in control to ensure long-term delivery and local 
delivery, enhancing therapeutic effects [41]. Expanding 
on this idea, 4D printing brings the aspect of time, 
whereby materials can modify both their properties or 
shape based on environmental stimuli. Materials based 
on 4D printing are shape-memory materials that can 
dynamically respond to physiological conditions, 
allowing them to control drug release and perform better 

[42]. The technologies promise a lot in relation to 
solving complicated orthopaedic cases, especially those 
cases that may involve a customized approach to 
treatment. They, however, do not have a clinical 
implementation due to high costs, requirement of 
technical expertise, and regulatory limitations. They 
need to be standardized in their manufacturing 
processes and their long-term safety should be validated 
to succeed in their transition into routine clinical 
practice [43]. 
 
5. Therapeutic Applications in Orthopaedics 
The use of advanced drug delivery systems (DDS) has 
proven to have a great potential in treating a broad range 
of orthopaedic diseases through localized, controlled, 
and targeted therapeutic interventions. They can be used 
not only in the administration of drugs, but also in 
regenerative strategies, infection control, and functional 
recovery. Such systems have the benefit of matching 
drug release profiles with the biological needs of healing 
tissues, which greatly improve clinical outcomes in the 
orthopaedic practice [44]. 

 
Table 5. Applications of Advanced Drug Delivery Systems in Orthopaedics 

Application Area DDS Type Therapeutic Agents Outcome Sources 
Bone 
regeneration 

Scaffolds, nanoparticles BMPs, VEGF Enhanced bone 
formation 

[9], [47], 
[38] 

Fracture healing Hydrogels, 
nanoparticles 

Anti-inflammatory 
drugs 

Faster healing [11], [49] 

Postoperative 
pain 

Hydrogels Local anesthetics Sustained relief [5], [50] 

Implant infections Drug-eluting implants Antibiotics Reduced infection [14], [22] 
Osteoporosis Targeted nanoparticles Bisphosphonates Improved density [23], [26] 
Tendon repair Scaffolds Growth factors Tissue healing [15], [25] 
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5.1 Bone Regeneration and Repair 
The bone regeneration is one of the most important 
issues in orthopaedic surgery especially with the large 
defects, non-union fractures and poor healing conditions. 
The advanced DDS are instrumental in stimulating 
osteogenesis through the delivery of growth factors, 
bioactive molecules, and cells to the defect location. The 
systems are made to resemble the natural bone 
microenvironment, hence supporting cellular 
proliferation, differentiation, and deposition of the 
matrix [45]. Nanoparticle delivery vehicles have been 
widely applied in the release of osteogenic factors like 
the bone morphogenetic proteins (BMPs) and the 
vascular endothelial growth factor (VEGF). All these 
trigger osteoblast activity and angiogenesis needed to 
achieve successful bone regeneration. The biomaterial-
based scaffolds are also structural frameworks that aid 
in the formation of new tissues, and at the same time 
they release therapeutic agents with time [46]. The latest 
trends have also explored the integration of stem cell 
therapy and DDS wherein the cells and bioactive 
molecules may be co-delivered. This type of 
combinatorial approach enhances the regenerative 
potential, which is to nourish and provide biological and 
structural. Nevertheless, issues regarding cell viability, 
immune response, and scalability have to be overcome 
to have a successful clinical translation [47]. 

 
5.2 Fracture Healing 
The process of fracture healing is multi-phase and 
complex and must be carefully coordinated with 
inflammatory events, reparative events and remodelling 
events. More sophisticated versions of DDS have been 
created that are capable of directly addressing particular 
stages of healing and thus maximize therapeutic results. 
As an example, it is possible to administer anti-
inflammatory agents at the initial stages to regulate 
excessive inflammation, and osteogenic factors at the 
reparative stage to induce the formation of a callus [48]. 
The systems involving nanotechnology have been 
particularly promising in fracture healing as they allow 
continuous and localized delivery of drugs. These 
systems are capable of regulating cellular functions, 
promoting angiogenesis, and speeding up bone 
development. Moreover, stimuli-responsive DDS have 
the potential to deliver therapeutic agents to the local 
environment in response to local environmental 
variations, which means that the drug delivery is 
regulated according to the healing process [49]. 
Although this has been made, there is a challenge of 
obtaining accurate time control of drug release. 
Moreover, patients have different physiology and 
fracture characteristics and, therefore, require an 
individual approach to achieve the best treatment effect. 

 

 
Figure 5.  Advanced DDS in Postoperative Pain Management 

 
5.3 Postoperative Pain Management 
The proper management of postoperative pain is critical 
to achieve the best possible outcomes in terms of patient 
recovery, hospitalization, and quality of life. Traditional 

analgesic treatment may be based on systemic use that 
may cause some side effects such as gastrointestinal 
issues, opioid dependence, and pain management. 
Developed DDS provide a more precise method by 
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administering analgesics to the surgical location [50]. 
Hydrogel systems and implant coatings are local 
delivery systems that can be used to offer sustained 
release of anesthetics and anti-inflammatory drugs, thus 
sustaining therapeutic drug concentrations over time. 
This will minimize systemic exposure and the necessity 
of repeated dosing. Moreover, the analgesics can be 

emitted on demand by the stimuli-responsive systems 
which respond to the inflammatory stimuli. 
Although the advantages of these systems are very high, 
factors such as cost, ease of use and regulatory 
acceptance influence their use in clinical settings. Their 
design needs improvement through further research to 
guarantee the uniformity of their performance in various 
clinical conditions. 

 

\  
Figure 6. Postoperative Pain Management (Simplified) 

 
5.4 Implant-Associated Infections 
The problem of implant-associated infections is one of 
the significant complications in the field of orthopaedic 
surgery that can cause implant failure and require 
revision surgeries. The development of biofilms makes 
it especially difficult to treat these infections with the 
help of traditional antibiotic treatment. To overcome this 
problem, advanced DDS have been designed to provide 
antimicrobial agents to the implant surfaces [21]. Drug-
eluting implants and antimicrobial coating offers 
localized and long-term release of antibiotics which is 
effective in preventing bacterial colonization and 
biofilm development. Implant surfaces have also had 
metallic nanoparticles, including silver nanoparticles, 
due to their inherent antimicrobial characteristics. These 
systems not only minimise the rate of the infection but 
also increase the life span of the implants [22]. 
Nevertheless, the issue of antibiotic resistance, 
cytotoxicity, and biocompatibility in the long-term have 
to be taken into account. The challenge of achieving a 
balance between antimicrobial effectiveness and safety 
is a vital factor when developing implant-associated 
DDS. 

 
5.5 Osteoporosis and Degenerative Bone Disorders 
Osteoporosis and other degenerative bone diseases are 
associated with an abnormal balance between the bone 
resorption and formation, resulting in decreased bone 
density and fragility to fractures. There is also the 
development of advanced DDS as a method of 
delivering anti-resorptive and anabolic agents to bone 
tissue, thus enhancing the results of therapy [23]. 
Selective accumulation of drugs in bone tissue occurs 
with targeted delivery systems based on the use of bone-
seeking ligands, including bisphosphonates. This 
method promotes efficacy of drugs and reduces side 
effects on the system. Small molecules, peptides and 
hormones that control bone metabolism have also been 
delivered using nanoparticle-based systems [24]. 
Although these are promising, osteoporosis is a long-
term condition that needs to be treated with drugs and 
close attention to any side effects. The creation of DDS 
that is capable of delivering sustained and variable 
release in long-term applications is a subject of ongoing 
investigation. 
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5.6 Tendon and Ligament Healing 
The injuries of tendons and ligaments pose special 
difficulties as they are not vascularized and heal slowly. 
State-of-the-art DDS are designed to improve the 
healing of these tissues by providing growth factors, 
anti-inflammatory molecules and extracellular matrix 
molecules [25]. There are biomaterial-based scaffolds 
and hydrogels which are often used to facilitate the 
regeneration of tissues as well as delivering drugs 
locally. These systems are able to enhance cell migration, 
collagen synthesis, and general tissue integration. Also, 
systems of nanoparticles can facilitate the delivery of 
therapeutic factors to particular cell groups during 
tendon and ligament repair. Although these methods 
demonstrate great potential, it is difficult to reach the 
best mechanical strength and functional recovery. More 

studies are necessary to come up with DDS, which can 
comprehensively restore the biomechanical functions of 
these tissues. 
 
6. Clinical Translation and Current Status 
Although there is a lot of research on advanced drug 
delivery systems (DDS), their effective implementation 
in laboratory studies into clinical practice has not been 
accomplished. Although many of the systems have 
shown encouraging outcomes in preclinical models, a 
small number have been advanced to clinical trials or 
standard clinical practice. The most significant aspect 
that contributes to this translational gap is the complex 
nature of biological systems, variability and difficulties 
in scaling-up production to the clinical-grade materials 
[26]. 

 
Table 6. Clinical Status of Advanced Drug Delivery Systems 

DDS Type Clinical Status Application Challenges Sources 
Bone cements Widely used Antibiotic delivery Non-biodegradable [5], [33] 
Drug-eluting implants Approved Joint replacement Regulatory issues [33], [36] 
Nanoparticles Preclinical Bone repair Toxicity [6], [21] 
Hydrogels Clinical trials Pain management Stability [34], [39] 
3D printed DDS Emerging Personalized implants Cost [41], [45] 

 
It has now been made to have some DDS, including 
antibiotic-impregnated bone cements and drug-eluting 
implants which are now clinically accepted, and are now 
common in orthopaedics. The systems have been 
effective in preventing postoperative infections, as well 
as enhancing the outcome of the implants. Nonetheless, 
higher-order systems (such as nanoparticle-based 
systems and stimuli-responsive delivery systems) 
remain mostly in the experimental phase owing to the 
safety and stability as well as regulatory issues [27]. The 
other critical issue of clinical translation is that DDS can 
be reproducible and scalable. The production methods 
need to be able to achieve a high degree of uniformity, 
efficiency and safety in large batch which is normally 
challenging to do in complex nanostructured structures. 
Also, combination products, or those that incorporate 
drugs, devices, and biologics, have stringent regulatory 
needs, which present a large barrier to 
commercialization [28]. Economic factors also are 
crucial in defining the clinical uptake of advanced DDS. 
Development and production can be too complicated to 
be easily accessible, especially within resource-limited 
healthcare environments. Consequently, new initiatives 
should be put towards coming up with cost efficient, 
scalable delivery systems without affecting therapeutic 
performance. 
 
7. Challenges and Limitations of Advanced Drug 
Delivery Systems 
Although sophisticated DDS have many benefits 
compared to traditional treatments, there are still a 
number of obstacles that hinder its popularity as an 
orthopaedic surgery treatment method. The interaction 
of these systems with the biological environment is one 
of the main issues. Immune response, protein adsorption 

and cellular uptake are some of the factors that may 
affect the behavior and efficacy of DDS and can cause 
unpredictable outcomes [29]. 
Another major concern is toxicity especially to 
nanoparticle based systems. Nanoparticles can build up 
in non-target tissues leading to cytotoxic effects and 
chronic health effects. Despite the development of 
biodegradable materials to address these issues, the 
products of degradation of these materials should also 
be analyzed regarding safety [30]. The exact control of 
the kinetics of drug release remains a challenge. 
Although a number of systems are constructed to deliver 
drugs in a sustained or a stimuli-responsive release, 
physiological conditions can be varied to influence the 
performance of the drug delivery system. Such 
variability highlights the importance of strong and 
flexible systems that can uphold the same levels of 
therapeutic levels [31]. Mechanically speaking, the 
incorporation of the drug delivery feature in load-
bearing orthopaedic devices must be carefully designed. 
It is important to ensure that these systems are 
structurally sound and provide therapeutic agents in 
order to make them clinically successful [32]. The 
development of advanced DDS is further complicated 
by regulatory and ethical considerations. New delivery 
systems are usually tedious and time-consuming to be 
approved and have to undergo extensive preclinical and 
clinical validation. Moreover, the ethical issues 
regarding the application of nanomaterials and 
genetically modified components have to be discussed 
to guarantee the safety of patients and their acceptance 
by the population [33]. 
 
8. Future Perspectives 
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Precision medicine and technological integration are the 
two main ideas that lie at the core of the future of 
advanced drug delivery system in the orthopaedic 
surgery. The trends point to the move towards much 
more individualized therapeutic approaches that would 
take into account the characteristics of individual 
patients, disease patterns, and genetic factors. The 
development of artificial intelligence (AI) and machine 
learning should become central to the optimization of 
drug delivery systems because it will allow predictive 
modelling and real-time tracking of treatment results 
[34]. 
Another promising area in orthopaedic drugs delivery is 
nanorobotics. These microsensors can explore 
biological settings and deliver medication to target cells 
with greater precision than ever before. Even in its 
infancy, nanorobotics has the potential to change the 
management of multifaceted bone disorders and 
enhance the results of surgery [35]. It is also likely that 
the combination of 3D and 4D printing technologies and 
drug delivery systems will develop further. These 
technologies can be used to fabricate patient-specific 
implants that have customized drug release profiles, 
improving functional and therapeutic performance. 
Moreover, the invention of bioactive and biodegradable 
material will also help in the production of implants that 
will be actively involved in the regeneration of tissues 
[36]. The other opportunity that can be availed is the 
integration of the drug delivery systems with the 
regenerative medicine solution, which include stem cell 
therapy and gene therapy. These two-way modalities 
can potentially heal the multifaceted orthopaedic 
disorders by the enhancement of tissue repair, and 
normalization of biology together [37]. Despite such 
developments, interdisciplinary collaboration between 
researchers, clinicians and regulatory bodies will be 
required in order to have a seamless incorporation of 
these technologies in clinical practice. Addressing the 
existing challenges of the safety, scalability, and cost-
effectiveness will become the key to the maximum 
potential of advanced DDS in the orthopaedic surgery. 
 
9. Conclusion 
The development of the better drug delivery systems has 
proved to be a break through technology in orthopaedic 
surgery that provides a specific, precise and effective 
therapeutic modality in the process of improving bone 
healing and postoperative recovery. These systems have 
been found to be very promising, in improving clinical 
outcomes in a wide range of orthopaedic conditions, by 
overcoming the limitations of the old modes of drug 
delivery. 
Combining nanotechnology, biomaterials, and 
intelligent delivery systems have made it possible to 
create multifunctional systems that can simultaneously 
tackle complex therapeutic issues. Advanced DDS 
provides new solutions that can be used to meet the 
evolving needs of an orthopaedic care setting, such as 
bone regeneration and fracture healing, infection 
prevention and pain management. 

Nevertheless, a number of obstacles still exist such as 
biocompatibility, toxicity, scalability and regulatory 
approval. To fill a gap like that between experimental 
research and clinical practice, innovation, in-depth 
validation and cross-disciplinary collaboration will be 
needed. 
The potential of drug delivery systems is likely to be 
expanded in the future with the introduction of new 
technologies, such as artificial intelligence, 3D/4D 
printing, and regenerative medicine. The innovations 
will provide a new generation of orthopaedic 
personalised and precision therapeutics, which 
improves patient outcomes and quality of life. 
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