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Abstract

Osteoporosis affects millions of people worldwide and presents significant challenges for treatment, characterized by
decreased bone density and increased fracture risk. While conventional treatments such as hormone replacement
therapy can alleviate symptoms, they often fail to reverse bone loss and are associated with long-term side effects.
Platelet-rich plasma (PRP), known for its regenerative potential, has emerged as a promising approach for the treatment
of osteoporosis. This review evaluates the efficacy of PRP-based drug delivery systems for the treatment of
osteoporosis and presents key findings from clinical, in vitro, and in vivo studies. PRP has been shown to improve bone
regeneration and fracture healing in patients, enhancing bone mineral density and structural integrity. In vitro studies
have shown that PRP promotes osteoblast proliferation and differentiation, thereby supporting bone formation. In vivo
animal models have further confirmed the ability of PRP to increase bone volume and trabecular thickness, highlighting
its therapeutic promise. We analyze the biological mechanisms driving the effects of PRP, including growth factor
release and cell signaling, and explore innovative PRP formulations, such as hydrogels and scaffolds, designed for
targeted delivery. Despite these advances, challenges such as standardization of PRP preparation and long-term safety
remain. This article reviews these results, emphasizes the potential of PRP to transform osteoporosis treatment through
a regenerative strategy, and proposes future studies to improve its clinical applicability and efficacy.
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Highlights

1. PRP-Based Regenerative Potential: PRP's natural healing properties offer a promising alternative for osteoporosis
treatment, with the potential to enhance bone regeneration and increase bone density.

2. Innovative Drug Delivery Systems: Advances in PRP-based drug delivery systems show potential for more targeted
and effective therapeutic approaches to combat osteoporosis compared to traditional therapies.

3. Biological Mechanisms of PRP: PRP promotes bone healing through biological pathways that enhance osteoblast
activity, improve bone matrix deposition, and modulate inflammation, contributing to bone tissue regeneration.

4. Challenges and Future Directions: Despite promising results, further research is needed to address challenges related
to the standardization, safety, and long-term efficacy of PRP-based treatments for osteoporosis.
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1. Introduction

Osteoporosis represents a significant public health issue, affecting an estimated 200 million people worldwide. This
condition is characterized by a decrease in bone density and microarchitectural deterioration of bone tissue, leading to
increased fragility and risk of fractures, particularly in postmenopausal women and older adults [1-3]. Currently,
osteoporosis treatment relies on drugs such as bisphosphonates to slow bone loss. In addition, existing treatments often
fail to fully restore bone strength or prevent fractures in all patients, highlighting their limitations. These shortcomings
underscore the ongoing need to develop new drugs that can more effectively and safely treat this disease [4,5].

The quest for better therapeutic strategies has led to the exploration of regenerative medicine, specifically the use of
platelet-rich plasma (PRP). PRP is an autologous preparation that concentrates platelets from the patient's own blood.
Rich in growth factors like platelet-derived growth factor (PDGF), transforming growth factor-beta (TGF-f), vascular
endothelial growth factor (VEGF), and insulin-like growth factor 1 (IGF-1), PRP has shown promising results in
promoting tissue repair and regeneration in various fields such as orthopedics, dentistry, and dermatology [6-8]. The
mechanism behind PRP's effectiveness lies in its ability to enhance the recruitment, proliferation, and differentiation of
cells involved in tissue regeneration. For bone, this means attracting osteoblasts and stimulating them to produce new
bone matrix and mineralize old bone structures. This biological mechanism provides a compelling rationale for the use
of PRP in treating osteoporosis, which inherently involves the impairment of bone-building cells and their activities.

Recent studies have demonstrated the potential of PRP to not only prevent further bone loss but also to enhance the
density of already weakened bones [9-11]. Clinical trials have reported improvements in bone mineral density (BMD)
and reductions in pain associated with osteoporotic fractures following PRP treatments [12]. However, despite its
potential, the use of PRP in osteoporosis is not without challenges. Standardization of PRP preparations is a major issue,
as variations in concentration, cellular content, and activation protocols can affect treatment outcomes [13,14].

The integration of platelet-rich plasma (PRP) with innovative biomaterials and technologies, such as scaffolds and 3D-
printed bone matrices, heralds a transformative approach to osteoporosis treatment [15-17]. This synthesis aims to
exploit the synergistic effects of PRP’s biological activity with the structural benefits provided by these materials,
enhancing the overall therapeutic outcomes for bone regeneration. Scaffolds, which serve as artificial structures that
support tissue formation, can be imbued with PRP to create bioactive platforms for bone growth. These scaffolds are
typically fabricated from materials like polycaprolactone (PCL), hydroxyapatite, or bioglass, which are biocompatible
and support the adhesion and proliferation of osteoblasts [18,19]. When PRP is added, the scaffold not only provides a
physical matrix to guide bone growth but also becomes a reservoir of growth factors that continuously stimulate the
bone healing process. Meanwhile, the advent of 3D printing technology offers customized solutions to osteoporosis
treatment by allowing for the precise fabrication of bone scaffolds that match the patient's specific anatomical needs.
These 3D-printed structures can be designed to mimic the complex architecture of bone tissue, providing an optimal
environment for bone growth and integration. Incorporating PRP into these 3D-printed scaffolds enhances their
functionality by infusing them with bioactive compounds that accelerate the healing process [20,21].

The combination of PRP with 3D-printed scaffolds can be particularly effective in treating osteoporotic fractures, which
often require complex geometries for optimal healing. The ability to customize the scaffold’s structure to fill specific
bone voids while simultaneously delivering PRP-derived growth factors directly to the site of injury represents a
significant advancement over traditional bone grafts or synthetic implants. Moreover, the dynamic field of tissue
engineering continues to evolve with the exploration of novel bioinks that can be used in 3D bioprinting [22,23]. These
bioinks, which can be formulated with a mixture of hydrogels and PRP, enable the printing of living tissues that can
integrate seamlessly with the existing bone.

This review aims to comprehensively evaluate the efficacy of platelet-rich plasma (PRP)-based drug delivery systems as
regenerative strategies for the treatment of osteoporosis. This work investigates the biological mechanisms of PRP
action, such as growth factor release and cell signaling, while exploring innovative formulations for targeted delivery,
such as hydrogels and scaffolds. In addition, this review aims to identify current challenges such as standardization of
PRP preparation and long-term safety, and propose future research directions to improve its clinical applicability and
therapeutic efficacy. By addressing these objectives, this review aims to highlight the transformative potential of PRP in
the treatment of osteoporosis and guide the integration of PRP with other regenerative approaches to optimize patient
outcomes (Figure 1).
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Figure 1. PRP is separated from the blood for bone thinning treatment.
2. PRP and Bone Metabolism

Platelet-rich plasma (PRP) is a concentrated autologous preparation of platelets and their associated growth factors,
which plays a significant role in bone metabolism and osteogenesis (Figure 2) [24,25]. The efficacy of PRP in
promoting bone repair and regeneration is largely attributed to its high concentration of growth factors, including
platelet-derived growth factor (PDGF), transforming growth factor-beta (TGF-f), vascular endothelial growth factor
(VEGF), fibroblast growth factor (FGF), and insulin-like growth factor (IGF). These growth factors are crucial in
mediating cellular processes that contribute to bone healing and homeostasis [26].

1. HARVEST 2. PLATELET SEPARATION 3. PRP EXTRACTION 4. ACTIVATION S. DELIVERY
30-60 mL 1-2 centrifugation steps to PRP extracted from PRP activation PRP injected
whole separate and concentrate platelet poor plasma and using at non-
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Figure 2. A generalised overview of the PRP process (Copyright acquired from Ref [24]).

PDGF, one of the key components of PRP, is instrumental in the recruitment and proliferation of osteoblasts and
mesenchymal stem cells at the site of bone injury [27]. It also stimulates angiogenesis, which is essential for providing
the necessary blood supply for bone regeneration. The role of PDGF in bone healing has been well documented in
various studies, which show enhanced recovery in bone defects and fractures when PDGF is applied locally [28,29].

TGF-B is another potent growth factor in PRP that plays a multifaceted role in bone metabolism. It promotes the
proliferation and differentiation of osteoblasts into mature osteoblasts and regulates the deposition of extracellular
matrix proteins that are essential for bone tissue structure. TGF-f also modulates the immune response at the injury site,
reducing inflammation and enabling the proper healing environment [30]. Additionally, TGF-B is involved in the
formation of cartilage by chondrocytes, often acting as a precursor to bone formation in the healing process.

VEGEF is essential for blood vessel formation during bone repair. It promotes the migration and proliferation of
endothelial cells, leading to the formation of new blood vessels. This vascularization is essential for transporting oxygen,
nutrients and repair cells to the site of bone injury, thus facilitating the healing process. The role of VEGF in bone
regeneration, particularly in vascularized or low-vascular tissue, has been highlighted in recent clinical trials in which
VEGF supplementation significantly improved the outcome of bone repair [31,32].

In addition to promoting osteoblastic activity and vascularization, PRP plays a role in regulating bone resorption. It
affects osteoclast formation and activity, primarily through molecules such as osteoprotegerin found within the plasma.
This regulation ensures a balanced bone remodeling process, crucial for maintaining bone density and structural
integrity over time [33,34]. In addition, the effects of PRP extend to enhanced extracellular matrix (ECM) production.
ECM components, such as collagen, glycoproteins, and proteoglycans, are essential for forming the scaffolders
necessary for bone mineral deposits. PRP promotes the secretion of these components, thereby enhancing the
mechanical properties of newly formed bone tissue.

The utilization of PRP in clinical settings has shown promising results in speeding up recovery times and improving the
quality of bone repair, especially in cases of non-union fractures and osteoporotic lesions. Studies demonstrate the
potential of PRP in reducing the incidence of complications in bone surgery and improving the outcomes of bone graft
procedures. PRP's diverse array of growth factors makes it an invaluable tool in the management and treatment of bone-
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related disorders. By harnessing the natural healing capabilities of these growth factors, PRP therapy presents a viable
option for enhancing bone regeneration and repair, making it a focus of ongoing research and application in orthopedics
and regenerative medicine.

3. PRP Drug Delivery Systems

Platelet-rich plasma (PRP) has evolved from a simple clinical adjunct to a sophisticated drug delivery system that
leverages its inherent biological properties to enhance therapeutic outcomes, particularly in the field of osteoporosis.
PRP's natural ability to release growth factors and other healing molecules has been harnessed to develop drug delivery
systems that offer controlled release, enhanced bioactivity, and reduced side effects of osteoporosis treatments.

Osteoporosis is a chronic disease characterized by loss of bone mass and deterioration of bone tissue, leading to fragility
and an increased risk of fracture. Traditional treatments include bisphosphonates, calcitonin and hormone replacement
therapy, which, while effective, can cause serious side effects and do not address the root cause of bone loss. Prp-based
drug delivery systems that promote bone regeneration and repair by binding bioactive molecules into biocompatible
vectors represent a new therapeutic approach (Figure 2) [35].
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Figure 3. PRP-mediated drug delivery systems are used to promote bone repair (Copyright acquired from Ref [35]).

PRP-based systems typically utilize the plasma as a natural scaffold to encapsulate drugs, thereby providing sustained
release at the site of bone degeneration [36]. This method significantly enhances the bioavailability of drugs and allows
for lower dosages, reducing the potential for systemic side effects. Recent advancements have seen the development of
PRP gels and fibrin matrices that can be loaded with osteogenic drugs and placed directly into bone lesions or areas of
osteoporotic bone to stimulate bone growth and healing [37,38]. For instance, researchers have encapsulated simvastatin
within PRP gels, which release the drug in response to natural bone resorption processes, thereby enhancing the drug’s
efficacy and reducing its side effects [39]. Another innovative approach involves integrating PRP with biodegradable
polymeric scaffolds, which can be implanted into osteoporotic sites to provide structural support and simultaneous drug
delivery [40].

The use of PRP also facilitates the co-delivery of multiple therapeutic agents, such as osteogenic peptides and bone
morphogenetic proteins, which can synergistically enhance bone regeneration [41]. These combinations have been
shown to effectively stimulate osteoblast proliferation and differentiation while inhibiting osteoclast activity and
promoting a balanced bone remodeling process. In addition, the combination of nanotechnology and PRP systems opens
up new ways to enhance the delivery of osteoporosis drugs. Nanoparticles can be embedded within PRP to improve the
delivery of hydrophobic drugs, protect drugs from premature degradation, and target them to specific sites within the
bone [42,43]. This nanocomposite approach has been particularly effective in targeting drugs to micro-fractures within
osteoporotic bones, where they can exert maximum therapeutic effects.

PRP drug delivery systems are also being developed for non-invasive routes, such as transdermal patches infused with
PRP and osteoporosis drugs, offering a pain-free alternative to injections or surgical implantation [44-46]. These
systems utilize micro-needles or iontophoresis to enhance the penetration of PRP and drugs through the skin, targeting
the underlying bone tissue. In clinical trials, PRP-based drug delivery systems have demonstrated significant
improvements in bone density and structural integrity, along with a reduction in fracture incidence among osteoporosis
patients [47,48]. In addition, these systems have shown good compatibility and safety, with minimal adverse reactions
reported. Despite these promising developments, challenges remain in optimizing the formulation, stability, and
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scalability of PRP drug delivery systems. Current research focuses on improving drug encapsulation efficiency,
controlling release kinetics, and ensuring long-term stability of PRP preparations.

The integration of PRP technology with advanced drug delivery systems holds significant promise for transforming the
treatment landscape of osteoporosis. By providing targeted, sustained, and biologically synergistic therapeutic options,
PRP-based systems could potentially reduce the reliance on systemic drugs and offer a more effective, patient-friendly
approach to managing osteoporosis.

4. Clinical Applications and Efficacy

The utilization of platelet-rich plasma (PRP) in the clinical setting has gained considerable traction due to its potential
to improve outcomes in osteoporosis-related conditions, particularly in the healing of fractures and enhancement of
bone density. A multitude of clinical trials and observational studies have elucidated the efficacy of PRP, revealing its
capacity to not only speed up the healing processes of fractures but also to augment bone mass and facilitate recovery of
function.

The effective application of PRP in orthopedics is mainly due to its rich growth factors, such as PDGF, TGF-, VEGF,
etc., which have a significant promoting effect on the regeneration of bone tissue. These growth factors stimulate
angiogenesis, enhance the proliferation and differentiation of osteoblasts, and regulate the activity of osteoclasts,
thereby creating an environment conducive to bone repair and growth. In clinical trials, PRP has been shown to
accelerate fracture healing by promoting the formation and maturation of callus, thereby significantly shortening
recovery time [49-51]. For instance, a trial by Andrew et al. reported that Lewis rats with vertebral fractures treated with
PRP injections showed a 30% or 40% faster healing rate compared to those who received standard care [52].
Furthermore, these rats exhibited improved pain scores and functional outcomes.

Additionally, PRP's role in increasing bone mass is particularly beneficial for patients with osteoporosis, who are
susceptible to fractures even with minimal trauma. In a study, osteoporotic patients undergoing PRP therapy showed a
marked increase in bone mineral density at the lumbar spine and femoral neck over a six-month period. An increase in
bone density is associated with a reduced risk of subsequent fractures, which is a potential indication for PRP as a
treatment for osteoporosis. PRP has also been successfully used for surgical intervention of osteoporotic fractures. By
combining PRP with bone grafts or synthetic bone substitutes, surgeons have observed enhanced bone graft integration
and stability [53]. For example, in surgeries involving the use of bone substitutes, the application of PRP has been found
to stimulate faster and more robust bone ingrowth, thus improving the structural stability of the implant. Moreover, the
use of PRP is not limited to fracture healing. It has also been applied in preventive treatments to strengthen areas of
bone that are at high risk of fracture in osteoporotic patients. By injecting PRP into these high-risk areas, clinicians have
been able to locally enhance bone density, potentially averting the occurrence of fractures.

Despite promising results, clinical use of PRP faces challenges, including variability in preparation methods and a lack
of standardized protocols, which may impact treatment outcomes. Ongoing research aims to address these issues by
developing standardized, reproducible PRP preparation techniques to ensure consistent quality and therapeutic potential.
PRP offers a versatile and effective treatment modality for osteoporosis and related conditions. It provides a synergistic
approach by enhancing the body's natural healing process and providing a bioactive scaffold that supports bone
regeneration. Future research focused on optimizing PRP formulation and administration methods is expected to further
establish PRP as a cornerstone therapy for osteoporosis treatment.

5. Challenges and Future Directions

The clinical application of platelet-rich plasma (PRP) as a drug delivery system provides a broad prospect for the
treatment of osteoporosis. However, to fully exploit its potential, a number of major obstacles must be overcome. Major
challenges include the lack of standardized protocols for PRP preparation, variability in growth factor concentrations,
and the lack of established guidelines for optimal dosing and dosing schedules. These factors contribute to inconsistent
clinical outcomes and complicate the widespread use of PRP therapy.

Standardization of PRP preparation is crucial as variations in platelet concentration and the presence of other cellular
components can significantly influence the therapeutic efficacy of PRP [13]. The method of PRP activation and the
formulation used can alter the profile and activity of the released growth factors, which are critical for bone
regeneration. Research highlights the need for standardized extraction techniques that ensure a consistent yield of
bioactive compounds critical for effective treatment outcomes. Understanding the long-term effects of growth factor
release from PRP is another area that requires extensive investigation. While the short-term benefits of PRP in
enhancing bone healing and density are well documented, the long-term consequences of sustained growth factor
exposure remain poorly understood. Studies suggest that prolonged exposure to certain growth factors could potentially
lead to adverse effects, such as unwanted bone overgrowth or ectopic bone formation [54]. Establishing the optimal
dosing regimen is critical to maximize the therapeutic benefits of PRP while minimizing the potential risks. The
effective dose can vary depending on the characteristics of the individual patient, the severity of osteoporosis, and the
specific formulation of the PRP used. The study highlights the importance of tailoring treatment approaches, taking into
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account patient-specific factors, to optimize treatment outcomes and safety. Regulatory considerations also play a key
role in the clinical translation of PRP therapies. As with any new medical approach, PRP must undergo rigorous
regulatory review to ensure its safety, effectiveness, and quality before it can be widely adopted. This includes costly
and time-consuming approval processes that can limit the availability of PRP treatments. Cost-benefit analysis is also
critical to ensure that PRP treatments offer a good value proposition compared to existing treatments.

Future directions for research should focus on addressing these challenges through the development of standardized
PRP preparation protocols, detailed studies on the pharmacokinetics and long-term impacts of growth factor release,
and the establishment of clinical guidelines for PRP use. Additionally, exploring the combinational use of PRP with
other osteogenic agents may offer synergistic effects that enhance the overall treatment efficacy. Conducting large-scale,
randomized clinical trials will be essential to validate the benefits and safety of PRP treatments, paving the way for their
integration into standard clinical practice for osteoporosis management.

6. Conclusion

Platelet-rich plasma (PRP) emerges as a transformative approach in the treatment of osteoporosis, tapping into the
body's innate regenerative capabilities. As a cutting-edge therapeutic option, PRP-based drug delivery systems show
substantial promise in revolutionizing osteoporosis management. By harnessing the concentrated growth factors
inherent in platelets, PRP therapies facilitate enhanced bone regeneration and repair, thus addressing the limitations of
conventional treatments that largely focus on symptom management and disease progression control. The development
of complex PRP formulations could lead to more targeted and effective interventions specifically designed to improve
bone density and structural integrity. In addition, the patient-centered nature of PRP treatment - utilizing autologous
blood products - reduces the risk of adverse reactions and increases patient acceptance of the treatment. This innovative
approach not only promises to improve the mechanical properties of bones, but also significantly improve the overall
quality of life for patients with osteoporosis, making it a key advance in orthopedic medicine.
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