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Abstract: Osteoporosis (OP) is a degenerative bone disease characterized by decreased bone mass and deterioration of bone tissue
microstructure, which increases skeletal fragility and the risk of fractures. Currently, the drugs used clinically to treat OP are primarily
classified into two types: bone resorption inhibitors and bone formation promoters. Although they demonstrate certain efficacy, most
anti-OP medications do not specifically target bone tissue and may produce significant side effects. In recent years, bone-targeted
therapies nano-drug delivery systems (NDDSs) for OP have gained attention due to their high drug loading capacity, strong targeting
ability, ease of modification, and good biocompatibility. These characteristics effectively address the limitations of traditional therapies
and have been widely applied in the treatment of OP. Therefore, this article systematically summarizes recent applications of NDDSs
(including inorganic, organic, biogenic, and hybrid systems) in the treatment of OP, focusing on targeting design strategies, in vitro and
in vivo efficacy validation, and clinical translation challenges, aiming to provide theoretical references for the development of the next
generation of targeted nanomedicines.
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Introduction

Osteoporosis (OP) is a systemic bone metabolic disorder characterized by reduced bone mass and compromised bone
microarchitecture, significantly increasing the risk of fractures, particularly threatening the health of elderly and
postmenopausal women. Approximately 200 million people worldwide suffer from OP, leading to over 8.9 million
fractures annually, resulting in a substantial economic burden on healthcare systems.'* The core pathological mechanism
underlying OP is an imbalance in bone remodeling: excessive bone resorption mediated by osteoclasts (OCs) and
insufficient compensatory bone formation by osteoblasts (OBs), leading to dysregulation of the RANKL/OPG system and
suppression of pro-osteogenic signaling pathways such as Wnt/B-catenin, alongside a chronic inflammatory and oxidative
stress microenvironment.” > Traditional OP treatments, primarily anti-resorptive agents like bisphosphonates and deno-
sumab, and anabolic agents such as teriparatide, exhibit notable limitations. These include low bioavailability, as oral
bisphosphonates have a gastrointestinal absorption rate of less than 1%, necessitating high doses and frequent admin-
istration. Additionally, off-target toxicity is a concern; bisphosphonates can induce osteonecrosis of the jaw, while
estrogen therapies are associated with an increased risk of thrombosis. Furthermore, these treatments are often single-
target, struggling to concurrently modulate both bone resorption and formation. Prolonged use may also result in
“adynamic bone”, highlighting the need for more effective therapeutic strategies.®® Nano-drug delivery systems
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(NDDSs) leverage the distinctive physicochemical properties of nanomaterials, presenting innovative solutions for
osteoporosis treatment. These systems enable precise targeting through surface modifications that enhance drug accu-
mulation in bone tissue and facilitate controlled release in response to the acidic pH or elevated reactive oxygen species
(ROS) present in pathological environments.”'® They enable synergistic delivery by co-loading anti-resorptive drugs
(such as siRNA to silence RANK) with osteogenic factors (like BMP-2) for “bidirectional regulation.'' "> Additionally,
polymeric nanoparticles (such as PLGA) can extend the drug half-life, reducing dosing frequency;'* and nanonization
improves the solubility of hydrophobic drugs (such as raloxifene), allowing them to penetrate the dense matrix of bone
tissue.'> This article offers a comprehensive overview of the recent applications of NNDSs, encompassing a range of
materials including inorganic, organic, biogenic, and hybrid systems, in the treatment of osteoporotic conditions. It
emphasizes the design strategies aimed at targeted delivery, the validation of efficacy through both in vitro and in vivo
studies, and the challenges associated with clinical translation. The objective of this review is to provide valuable
theoretical insights that will support the development of the next generation of targeted nanomedicines, thereby
advancing therapeutic strategies for osteoporotic patients.

Differences Between Traditional Treatments and NDDSs

Traditional pharmacological treatments for OP primarily fall into two categories: anti-resorptive drugs and anabolic
agents, aimed at restoring the balance of bone metabolism (suppressing osteoclast activity or stimulating osteoblast
function) to improve bone density. Below are the main drug classifications and their mechanisms of action.'® Anti-
resorptive medications, which aim to inhibit bone loss, include bisphosphonates such as alendronate, zoledronic acid, and
risedronate. Their mechanism of action involves the inhibition of osteoclast activity and the induction of apoptosis
through selective binding to bone hydroxyapatite, resulting in deposition at sites of bone resorption.'”'® Selective
estrogen receptor modulators, such as raloxifene, mimic estrogen’s protective effects on bone by suppressing osteoclast
activity while avoiding stimulation of breast and endometrial tissues. They are particularly suitable for postmenopausal
women, as they reduce the risk of breast cancer; however, they may increase thrombosis risk and are contraindicated in
individuals with a history of thrombotic events.'” RANKL inhibitors, such as denosumab, function by specifically
binding to RANKL, thereby blocking osteoclast differentiation and activation.”” Hormone replacement therapy includes
drugs like estradiol and conjugated estrogens, which directly supplement estrogen levels to inhibit bone resorption.?
Anabolic agents, such as PTH analogs teriparatide and abaloparatide, stimulate new bone formation by intermittently
activating PTH receptors, which promotes the proliferation and differentiation of osteoblasts.?? Sclerostin inhibitors, such
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as romosozumab, function by inhibiting sclerostin, thereby promoting bone formation while simultaneously suppressing
bone resorption.”> Other adjuvant therapies include calcium and vitamin D supplements, with recommended dosages of
1000-1200 mg/day and 800-2000 IU/day, respectively. These nutrients are essential for all osteoporosis treatments, as
they help maintain calcium balance, enhance intestinal calcium absorption, and support bone mineralization.
Additionally, vitamin K2 activates osteocalcin, promoting calcium deposition in bone tissue.** Strontium ranelate
demonstrates dual actions by weakly stimulating bone formation and inhibiting bone resorption; however, its use is
restricted in Europe due to associated cardiovascular risks.”> NDDSs enhance the pharmacokinetic profiles of drugs by
specifically targeting active pharmaceutical ingredients to lesions and regulating drug release. Recent advancements in
nanotechnology have significantly increased the potential of NDDSs in the medical field, making them a focal point of
research.’*® Common nanomaterials used in OP treatment include organic materials, inorganic materials, biologically
derived materials, hybrid materials in general.>” ** (Table 1, Figure 1)

Representative Delivery Approaches of NDDSs in OP

The current administration methods primarily include intravenous, sublingual, subcutaneous, implantation, intranasal,
and transdermal routes. Each drug administration route presents specific limitations. Intravenous methods require skilled
personnel and pose infection risks, while sublingual routes are limited to small doses and may compromise patient
compliance due to taste. Subcutaneous injections have slower absorption rates and can cause irritation, making them
suitable for limited volumes. Implantation methods, though effective for sustained release, are invasive and carry risks of
infection and rejection. Intranasal delivery suffers from variable absorption and limited volume capacity, potentially
leading to discomfort. Lastly, transdermal systems are restricted to small molecular weight drugs and can cause skin
irritation, with absorption variability among individuals. These challenges highlight the need for innovative solutions to
optimize drug delivery across various routes.** ¢ Nanomaterials provide innovative solutions for overcoming biological
barriers in drug delivery across various administration routes. Intravenous and subcutaneous delivery of nanohydrox-
yapatite (nHA), nanocomposites like nCh/HA, and silver nanoparticles (nAg/HA) effectively repress biomarkers
associated with bone turnover in osteoporotic models, enhancing bone health. A study by Fouand-Elhady et al demon-
strated that treatment with nHA, nCh/HA, or nAg/HA resulted in significant repression of serum SOST, BALP, and BSP
levels, accompanied by a notable down-regulation of RANKL and CtsK gene expression. Conversely, a significant
enhancement in the calcification intensity of femoral bone was observed. These findings underscore the potential of nHA,
nCh/HA, and nAg/HA as promising nanomaterials for mitigating excessive bone turnover in a primary osteoporotic rat
model.*” Sublingual delivery of SCT-HAP-NPs yields comparable pharmacodynamic effects to subcutaneous injections,
offering a non-invasive alternative that bypasses gastrointestinal barriers. Kotak et al reported a significant and compar-
able improvement in serum biomarkers, alongside increases in bone mass and mechanical strength, and decreases in bone
erosion when compared to subcutaneous SCT, in an ovariectomized (OVX) OP rat model. The comparable pharmaco-
dynamic effects at equivalent dosages suggest that sublingual SCT-HAP-NPs may serve as a non-invasive alternative to
injection for targeted bone delivery.’® By implanting in a femur defect, Qayoom et al provided proof of concept for the
application of exosomes in bone regeneration therapy, proposing that they could function as a booster dose to reduce the

overall dosage of bone morphogenetic protein (BMP), thus addressing the limitations associated with BMP use.*

Table | Advantages and Disadvantages of Different Types of Nano-Delivery Materials

Material Type Representative Materials Advantages Limitations
Organic materials Liposomes; PLGA; Chitosan Good biocompatibility; Limited drug loading capacity; Low
Biodegradable mechanical strength

Inorganic materials HAP; MSNs; CeO, High stability; Strong bone targeting | Poor biodegradability; Potential toxicity

Biologically derived Exosomes; Cell membrane NPs Low immunogenicity; Natural Difficult separation; High cost

materials targeting

Hybrid materials HAP-chitosan; MSN-liposome; Multifunctional synergy; Optimized Complex preparation processes
Chitosan-gold performance
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Figure | A schematic illustration comparing conventional treatment methods and NDDSs therapies for OP. Traditional treatments, such as bisphosphonates and hormones
administered orally or intranasally, have significant drawbacks, including long-term side effects, low solubility, and poor stabilit. NDDSs offer a promising alternative by
enabling controlled and sustained drug release, enhanced targeting, and reduced systemic toxicity.

Abbreviations: MSC, Mesenchymal stem cells; OB, Osteoblast; OC, Osteoclast.

Additionally, polymer brush-modified MHA systems facilitate sustained release of hydrophobic drugs like simvastatin,
optimizing therapeutic levels at target sites while promoting osteogenesis. Self-assembled nanomicelles, such as CIT-SO-
DOC, further improve bioavailability by enhancing absorption through reduced particle size, significantly benefiting
antiosteoporosis therapies. Wu et al found that a polymer brush-modified MHA system offered a sustained release
mechanism for hydrophobic SIM to inhibit OP, while MHA nanoparticles promoted osteogenesis. This innovative
strategy demonstrated significant potential for enhancing osteogenic capacity and treating local osteoporotic defects.*
Jiang’s research indicated that the increased antiosteoporosis effects and bioavailability of CIT-SO-DOC self-assembled
nanomicelles were attributed to enhanced absorption of CIT through reduction in particle size. SO may serve as an
effective oral carrier for antiosteoporosis drugs with low bioavailability.*' In intranasal applications, poly(lactic-co-
glycolic) acid (PLGA-based) polymeric nanoparticles for risperidone (RIS) have shown promise in navigating nasal
mucosal barriers for systemic effects in OP treatment. Fazil et al successfully prepared polymeric nanoparticles of RIS
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using a biodegradable polymer PLGA, with intranasal delivery yielding promising results in vivo. Thus, PLGA-NPs hold
substantial potential for delivering RIS in the treatment and prevention of OP, pending clinical evaluation in the near
future.** A nanoemulsion gel formulation of fluvastatin enhances transdermal delivery by improving drug penetration
through the skin barrier. Kaur et al developed a nanoemulsion gel formulation of fluvastatin, which showed enhanced
potential for transdermal delivery in the treatment of OP** (Figure 2 and Table 2). Overall, nanomaterials enhance drug
delivery by improving targeting, bioavailability, and sustained release, effectively overcoming biological barriers across
various administration routes.

Organic Nanomaterials

Liposomes consist of phospholipid bilayers encapsulating an aqueous core, allowing them to carry both hydrophilic and
hydrophobic drugs. Their advantages include high biocompatibility (eg, DOPC, DSPE-PEG) and the ability to achieve
prolonged circulation through PEG modification or active targeting using peptide modifications.***> Xu et al concluded
that the NLRP3 inflammasome may serve as a novel biomarker for the diagnosis of postmenopausal osteoporosis
(PMOP) and plays a critical role in its pathology. The use of CH6-LNPs-siNLRP3 presents potential therapeutic
applications for the treatment of PMOP.*® Nirwan et al demonstrated that aspartic acid conjugate (PAL-DPPE)-based
bone-targeted liposomes containing linagliptin show promise for OP treatment. Furthermore, the mechanistic pathways
involved in this effect appear to include the Wnt and AMPK signaling pathways.*’ Chitosan, a positively charged
polymer, can bind nucleic acids like siRNA and exhibits mucosal adhesion due to its electrostatic interactions with
negatively charged mucosal surfaces. This attraction enhances its binding to mucosal tissues, thereby prolonging drug
retention time.*® Sandomierski et al found that newly developed scaffolds (chitosan-calcium zeolite) effectively retain the
drug and facilitate its slow release in small doses. The results obtained are promising and indicate significant potential for
this material in bone tissue engineering.*’ Snega et al found that polymer-based nanoconjugates like CH-CS-DZ can
effectively mitigate OP through targeted delivery and sustained release, offering a potent strategy for bone health
restoration.>’ Hyaluronic acid (HA), a polysaccharide found in connective tissues, has been shown to promote osteoblast
proliferation, enhance alkaline phosphatase activity, and increase mineral deposition and the expression of bone
differentiation markers such as Runx2 and osteocalcin.’’*? Tenger et al’® demonstrated that depletion of high-
molecular-weight HA (HMW-HA) from culture media, induced by hyaluronidase treatment, led to increased RANKL
expression in the ST2 bone marrow stromal cell line. These findings indicate that HMW-HA may mitigate OV X-induced
bone loss by downregulating osteoclast formation and/or activity in mice. Nanogels are nanoscale gel particles, typically
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Figure 2 Representative approaches for the delivery of NDDSs in OP.
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Table 2 Representative Approaches for the Delivery of NDDSs in OP

with LNG

LNGS5 and LNGI0 groups vs OP only. 1BV/TV, Tb.Th, Tb.N and | Tb.Sp in all groups
vs OP only

Authors Treatment Method Main Characteristics of Main Results Reference
Nanomaterial
Fouand-Elhady et al, 2020 Intravenously nHA, nCh/HA and nAg/HA |SOST, BALP, BSP, RANKL, CtsK and fcalcification in all groups vs OVX only [37]
(25.5, 28.85 and 22.73 nm)
Kotak et al, 2020 Injected sublingually or HA-NPs (100 nm) loaded Iserum ALP, Ca, P, erosions, porosity, resorption pits and tbone density and [38]
subcutaneously with SCT strength in all groups vs saline
Qayoom et al, 2020 Implanted in a femur defect NC functionalized with BMP- | fmineralization, BV/TV, Tb.N, | Tb.Sp in all groups vs NC. 1peak fracture force in | [39]
2, ZOL or EXO NC-BMP-2-ZOL vs all groups
Wu et al, 2020 Loaded with SIM (MHA-SIM-P) MHA-P NPs (4 nm pores) 1BVITY, Tb.N, OPN, BSP and |Tb.Sp, OCs number in MHA-SIM-P vs all groups [40]
on femur defects loaded with SIM
Jiang et al, 2015 Administrated orally CIT-SO-DOC nanomicelles 1BMD, BMC, TMC, TMD, VOB, Tb.Th, BV/TV, Tb.N, energy to failure, stiffness, [41]
(204.77 + 6.81 nm and 100.80 | ultimate load, OPG, OCN, OPG and |Tb.Sp, BS/BV, CalibTbSp3D, HOP, ALP,
+ 721 nm) TRACP-5b and RANKL in EV, CIT (40, 20 mg/kg) and CIT-SO (40, 20 mg/kg) vs
OVX only, and in CIT-SO vs CIT
Fazil et al, 2016 Delivered intranasally PLGA-NPs loaded with RIS LALP, creatinine, ALT, AST and 1Ca in all groups vs OP only [42]
(184.87 £ 433 to 77.86 *
8.67 nm)
Kaur et al, 2019 Transdermally NE gel (11-123 nm) loaded JALP, BALP, CTx, TRACP-5b, 1Ca, P, OCN, PINP, Young’s modulus, peak load in [43]

Notes: 1, upgraded; |, downgraded.
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1 to 100 nm in size, formed from a cross-linked polymer network. They combine the high water content of hydrogels
with the benefits of nanomaterials, making them suitable for diverse applications in biomedical fields, drug delivery,
cosmetics, and beyond.* Ansari et al demonstrated that the transdermal administration of RLX-spanlastic nanogel
significantly enhanced drug bioavailability—approximately double that of oral administration—without any toxic effects
observed in treated rats. This suggests that spanlastic nanogel may represent a superior approach for transdermal delivery
of RLX in the management of OP.>> Cui et al>® reported that PNG@mRandC exhibited satisfactory therapeutic effects in
an OVX mouse model. This study introduces a new paradigm for re-establishing bone metabolic homeostasis through
multiple targets, showing great promise for the treatment of PMOP. Gelatin is a natural polymer derived from the partial
hydrolysis of collagen, widely utilized in food, pharmaceuticals, cosmetics, and tissue engineering.’’ Li et al concluded
that their findings indicate the strontium ranelate loaded gelatin nanoparticle/silk fibroin aerogel (S/G-Sr-MT) scaffold
could effectively stimulate the osteogenic differentiation of OBs while inhibiting osteoclast activity in vivo. In vivo
studies demonstrated that S/G-Sr-MT exhibits significant osteogenic capacity in calvarial defects of ovariectomized rats,
with elevated Runx2 expression and reduced TRAP activity. These findings highlight the potential osteogenic properties
and clinical applicability of the strontium (Sr)-incorporated enzyme-cross-linked scaffold for healing OVX bone.>® Mg?*
(magnesium ion) influences bone tissue metabolism by modulating signaling pathways associated with bone
metabolism.”® Huang et al concluded that this innovative strategy effectively addresses the issue of precise controlled
release of Mg?*, ultimately facilitating in situ bone tissue regeneration.®® PLGA, an FDA-approved synthetic polymer,
enables controlled degradation over 2 to 6 months, making it ideal for long-acting sustained release applications, such as
microspheres for teriparatide delivery.®' Guan et al conducted in vivo and in vitro experiments that demonstrated that
ZOL-PLGA@Yodal/SPIO can activate Piezol in the bone defect areas of osteoporotic mice. This activation enhances
osteogenesis through the YAP/B-catenin signaling axis, promotes a well-coordinated coupling of osteogenesis and
angiogenesis, and significantly accelerates the reconstruction of bone within the defects, all without noticeable side
effects. Overall, this innovative dual-targeting nanocarrier presents a potentially effective strategy for the clinical
treatment of osteoporotic bone defects.®? Lee et al reported that, based on the observed synergistic effects, OP can be
suppressed, and bone regeneration can be achieved by inhibiting the RANKL pathway in both in vitro and in vivo
settings, which is a well-established mechanism in bone physiology. Consequently, this study offers a promising
approach for developing multifunctional regenerative materials aimed at sophisticated osteoporotic bone
regeneration.®® PEG-PCL is a block copolymer of polyethylene glycol (PEG) and polycaprolactone (PCL) that combines
the advantageous properties of both components, making it suitable for various biomedical applications.®* Wang et al
indicated that NOB-PEG-PCL micelles effectively inhibit the rapid release of NOB from the micelles, thereby extending
its circulation time. This delivery system has potential as a promising strategy for the prevention and treatment of OP.%>
Polyurethane nanomicelles are nanoscale colloidal structures formed through the self-assembly of polyurethane block
copolymers in a solvent. These nanomicelles typically feature a hydrophobic core and a hydrophilic shell, enabling them
to encapsulate hydrophobic drugs while maintaining stability in aqueous environments.®® Cai et al demonstrated that this
delivery system can encapsulate and selectively deliver miRNAs to OSCAR+ OCs at the bone-resorption surface in vivo,
without causing overt toxicity or eliciting an immune response. Utilizing the Asp8-PU delivery system, anti-miR214 was
effectively delivered to OCs, resulting in improvements in bone microarchitecture and bone mass in OVX OP mice.
Consequently, Asp8-PU may serve as a valuable targeting delivery system for addressing osteoclast-induced bone
diseases and age-related OP.®’

Inorganic Nanomaterials

Hydroxyapatite (HAP) is a biomaterial extensively utilized in clinical applications and pharmaceuticals. Research on
HAP-based materials primarily focuses on their chemical characterization and biocompatibility.®® Yu et al concluded that
in vivo experiments indicated that the ALN-PEG-PSI-HAP formulation (with an ALN-PEG/PSI molar ratio of 1:20) was
the most effective preparation due to its superior distribution in bone (120 hours) and reduced distribution in other
tissues. The formulated nanoparticles were characterized as uniformly spherical or sphere-like with a negative zeta
potential. Furthermore, they demonstrated pH-sensitive drug release in phosphate-buffered saline (PBS) as determined by
in vitro drug release tests. Polysuccinimide-hydroxyapatite (PSI-HAP) was prepared in an aqueous solution using
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a simple method that avoids ultrasound, heating, and other conditions that could compromise drug stability.®’
Mesoporous silica nanoparticles (MSNs) have a high drug loading capacity, making them ideal for delivering agents
like estrogen or raloxifene. They can also be surface-modified with targeting ligands, such as RGD peptides, which
interact with integrin’s RGD-binding sites to help alleviate osteoporosis.”®”® Cerium oxide (CeO,) is a recognized
catalyst in the petrochemical industry and one of the earliest antioxidant nanoparticles proposed for medical use. Despite
its toxicity, it is now regarded as a promising therapeutic alternative.”*’> Li et al found that CeO,-incorporated HAP
coatings effectively reversed the reduction in superoxide dismutase (SOD) activity, diminished ROS generation, and
suppressed malondialdehyde (MDA) formation. These findings suggest that CeO,-modified HAP coatings may serve as
promising materials for osteoporotic bone regeneration.”®

Biologically Derived Materials

Exosomes can be derived from various cell types, including mesenchymal stem cells (MSCs) and OBs. They possess
a natural targeting capability, such as the homing effect to bone marrow, and are capable of carrying bioactive molecules,
including proteins and microRNAs. Zhan et al found that Pueraria lobata-derived exosome-like nanovesicles (PELNs)
show promise as a therapeutic approach for OP, with trimethylamine N-oxide (TMAO) identified as a potential target for
OP treatment’’ (Figure 3). Bionic nanoparticles, coated with membranes derived from OCs or osteoblasts OBs,
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Figure 3 Pueraria lobata-derived exosome-like nanovesicles (PELNs) promote osteogenesis in TMAO-induced SD rat. (A) Micro CT pictures of the distal femur in SD rat by
treatment with TMAO and PELNs. (B) Representative photographs of H&E and Masson’s trichrome staining of osteocalcin in femurs treated with TMAO and PELNs (C-F)
Quantification of BMD, BV/TV, Tb.Th and Tb.Sp in femur tissues (n = 5). (G) IHC staining of ALP, OCN, SQSTMI and LC3B in rat femur paraffin sections. (H) IF staining of ALP in
rat femur paraffin sections. (I) IF staining of LC3B in rat femur paraffin sections. Scale bars represent 200 pm. Data represent means * SD at least 3 separate experiments. *P < 0.05,
**P < 0.01,and ***P < 0.001. Figure 3 is reproduced with permission from Zhan W, Deng M, Huang X et al. Pueraria lobata-derived exosome-like nanovesicles alleviate osteoporosis
by enhacning autophagy. ] Control Release. 2023; 364:644-653. © 2023 The Authors. Published by Elsevier B.V. CC BY-NC 4.0.”
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demonstrate immune evasion through macrophage membrane camouflage and enable homologous targeting, such as
osteoclast membrane targeting of bone resorption sites.”® Su et al demonstrated that MSC-derived cell membrane
(MSCM) coating promotes macrophage polarization toward a regenerative phenotype, induces apoptosis in CD8+
T cells, and enhances regulatory T cell differentiation both in vitro and in vivo. When combined with a low dosage of
bone morphogenetic protein-2 (BMP-2), MSCM coating further accelerates bone regeneration and suppresses inflamma-
tion. These findings establish cell membrane-coated microribbon scaffolds as a promising strategy for the treatment of
critical-size bone defects through immunomodulation. This platform may be broadly applicable to various cell mem-

branes and scaffolds to enhance the regeneration of multiple tissue types.””

Hybrid Materials

Inorganic-organic composites, such as hydroxyapatite (HAP)-chitosan microspheres, leverage HAP’s bone-binding
capabilities and chitosan’s ability to enhance drug loading efficiency.®*® MSN-liposomes combine MSNs for drug loading
with a lipid layer that improves biocompatibility. Rasool et al explored the application of MSNs in bone tissue
engineering and OP treatment as a composite system that incorporates metals such as gold and cerium, or as nanocarriers
loaded with growth factors or active drugs. This study presents a straightforward and cost-effective method to enhance
the properties of MSNs and introduce new functionalities through a single-step surface modification. The findings
suggest that MSN-SH may serve as a complementary and alternative treatment for OP alongside standard therapies.”"
Nah et al investigated chitosan-gold nanoparticles (Ch-GNPs) and found that the fabricated gold nanoparticles (VGNPs)
significantly enhanced the osteogenic differentiation of human adipose-derived stem cells (hADSCs) in vitro. These
findings suggest that VGNPs are promising functional nanomaterials for bone regeneration in tissue engineering.®!
Takanche et al reported that c-myb delivered via Ch-GNPs supports the osseointegration of dental implants, even under
osteoporotic conditions. This suggests that c-myb may be a viable option for enhancing dental implant integration and

treating age-related bone degradation diseases®” (Table 3 and Figure 4).

Table 3 Representative NDDSs in Treatment of OP

Author Material Drug Effects Reference
Xu et al Liposome nanoparticles - CH6-LNPs-siNLRP3 show potential for treating PMOP. [46]
Nirwan et al Liposome nanoparticles Linagliptin The findings demonstrate that aspartic acid conjugate (PAL-DPPE)- [47]
based bone-targeted liposomes of linagliptin hold promise for the
treatment of osteoporosis.
Sandomierski et al Chitosan Risedronate The results are promising, highlighting the material’s potential in [49]
bone tissue engineering.
Snega Priya et al Chitosan (CH), Antiosteporotic | CH-CS-DZ can effectively address osteoporosis through targeted [50]
chondroitin sulfate (CS), drugs delivery and sustained release, providing a robust strategy for bone
and daidzein (DZ) health restoration.
Tenger et al Hyaluronic Acid Hyaluronic Acid | HMW-HA is a potential novel therapeutic agent for osteoporosis. [53]
Ansari et al Nanogel Raloxifene Spanlastic nanogels may offer an improved transdermal delivery [55]
method for RLX in osteoporosis management.
Cui et al Nanogel - PNG@mRandC exhibits satisfactory therapeutic effects in the [56]
ovariectomized (OVX) mouse model.
Li et al Enzyme-cross-linked Strontium These findings underscore the osteogenic potential and clinical [58]
gelatin ranelate applicability of enzyme-cross-linked SR scaffolds in bone healing post-
ovariectomy (OVX).
Huang et al Gelatin Bisphosphonate | This innovative strategy effectively addresses the precise controlled | [60]
release of Mg**, promoting in situ bone tissue regeneration.
Guan et al PLGA - This novel dual-targeting nanocarrier provides a potentially effective | [62]
strategy for the clinical treatment of osteoporotic bone defects
(Continued)
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Table 3 (Continued).

Author Material Drug Effects Reference

Lee et al PLGA - The study presents a promising approach for developing [63]
a multifunctional regenerative material for sophisticated
osteoporotic bone regeneration.

Wang et al NOB-PEG-PCL micelles Nobiletin The NOB-PEG-PCL delivery system may be a promising way to [65]
prevent and treat osteoporosis.
Cai et al Polyurethane (PU) Acidic peptide Asp®-PU could be a useful bone-resorption surface-targeting delivery | [67]
nanomicelles Asp® system for treatment of osteoclast-induced bone diseases and aging-
related osteoporosis.

Yu et al HAPs Tanshinol The proposed PSI-HAP preparations were developed in aqueous [69]
solution using a simple process that avoids ultrasound, heating, and
other conditions that could compromise drug stability.

Rasool et al MSN Thiol MSN-SH holds promise as a complementary and alternate treatment | [71]
for osteoporosis along with the standardized therapy.
Li et al CeO;-incorporated HA CeO, The findings suggested that CeO,-modified HA coatings may be [76]
promising coating materials for osteoporotic bone regeneration®®
Zhan et al Exosome Pueraria lobata PELNs demonstrate promise as a therapeutic approach for OP, with | [77]
TMAO emerging as a potential target of OP treatment.
Su et al Cell membrane-coated - It is demonstrated that MSCM coating promotes macrophage (Mo) | [79]
NPs polarization toward regenerative phenotype, induces CD8+ T cell
apoptosis, and enhances regulatory T cell differentiation in vitro and
in vivo.

Nah et al Gold nanoparticles Vitamin D VGNPs can be utilized as functional nanomaterials for bone [81]
regeneration in the tissue engineering field.

Takanche et al Chitosan-gold c-myb The c-myb may be applicable to support dental implant integration [82]

and treatment in age-dependent bone destruction disease.

Future Development Directions

Smart responsive systems employ multiple mechanisms to target specific conditions in osteoporotic lesions. These
include a pH response that targets the acidic environment (pH 4.5-5.5) characteristic of osteoclast resorption areas, an
enzyme response that activates in regions with elevated matrix metalloproteinase (MMP-2/9) expression, and a redox
response that reacts to high levels of ROS present in these lesions.*> ®° The system also incorporates external triggers for
drug release, including near-infrared (NIR) controlled release, which employs gold nanorods for targeted drug delivery,
and ultrasound-activated microbubble carriers that utilize lipid microbubbles loaded with bone morphogenetic protein-2
(BMP-2).5%7 yy et al developed nanoparticles responsive to the osteoclast microenvironment by incorporating Oroxylin
A with amorphous calcium carbonate (ACC) and coating them with glutamic acid hexapeptide-modified phospholipids.
These smart nanoparticles, designated as OAPLG, are capable of instantly neutralizing acidity and releasing Oroxylin
A in the extracellular microenvironment. The combination of Oroxylin A and ACC works synergistically to inhibit
osteoclast formation and activity, resulting in a significant reversal of systemic bone loss in an ovariectomized mouse
model® (Figure 5). Chen et al demonstrated that smart implants featuring controlled release of bioactive agents provide
a comprehensive solution for enhancing bone-implant integration, particularly under conditions of oxidative stress.®
Multimodal therapy aims to overcome the limitations of single-drug approaches by integrating drug combinations, gene
therapy, and immunoregulation. This strategy often involves pairing anti-resorptive agents like bisphosphonates with
osteogenic agents such as bone morphogenetic protein-2 (BMP-2).” Gene-drug co-delivery strategies may include
concurrent delivery of small interfering RNA (siRNA) targeting RANK with small molecule drugs like raloxifene.”'-*
Additionally, nanoparticles loaded with interleukin-4 (IL-4) can promote M2 macrophage polarization, inhibiting
osteoclast activity.”® Lee et al demonstrated that nanoparticles containing bioactive agents, including zinc oxide (ZO),
alendronate, and BMP-2, can be integrated into a biomimetic scaffold. This scaffold imparts multifunctionality, offering

anti-inflammatory properties, promoting angiogenesis, inhibiting osteoclastogenesis, and facilitating bone regeneration.
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Figure 4 Main materials used as NDDSs against OP in this review, including chitosan, hyaluronic acid, and PLGA, which are macromolecules that can be engineered into
various forms—such as microspheres, nanogels, dendrimers, polymeric micelles, and hydrogels—for biomedical applications. Hydroxyapatite, a small molecule or particle, is
typically utilized in the form of sponges or porous scaffolds.

Notably, nitric oxide (NO) generated from ZO stimulates cyclic guanosine monophosphate (¢cGMP) and protein kinase
G activity, while ZO also downregulates the RANKL/osteoprotegerin ratio by inhibiting the Wnt/B-catenin signaling
pathway. In osteoporotic rat models, the formation of new bone was significantly enhanced compared to normal models,
indicating the scaffold’s effectiveness in regulating bone homeostasis. These synergistic effects suggest that such
bioinspired scaffolds could provide a comprehensive strategy for exceptional bone regeneration’® (Figure 6).
Bioinspired delivery and cell membrane camouflage technologies. The primary aim is to utilize natural carriers to
enhance targeting efficiency and biocompatibility in therapeutic applications. Exosomes derived from mesenchymal stem
cells (MSCs) are known to transport osteogenesis-related microRNAs, such as miR-29b.*%> Cell membrane-coated
nanoparticles are designed with osteoclast membranes to specifically target bone resorption areas, while red blood cell
membranes are used to prolong circulation half-life.’® Zhang et al demonstrated that the formulation
ALN@BMSCM@PLGA-TK-PEG-SS31 exhibited dual effects on bone tissue in vitro, significantly inhibiting RANKL-
induced osteoclastogenesis in the presence of hydrogen peroxide (H,O,) and promoting osteogenic differentiation in
bone marrow-derived stem cells (BMSCs). In a mouse model of ovariectomy-induced OP, this formulation significantly
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Figure 5 pH responsiveness and bone targeting properties of the nanoplatform OAPLG. (A) Following incubation with DiD-labeled OAPLG at pH 7.4, the fluorescence
signal of DiD on the surface of the bone slice was assessed at time intervals of | min, | day, 3 days, and 7 days. Subsequently, the pH was rapidly adjusted to 4.5, and the DiD
fluorescence signal was measured at intervals of | min, 3 min, and 5 min. (B) Drug release curves of OAPLG in different pH buffer solutions over time. (C) Detection of pH
value in OAPLG titration of different pH buffer solutions. (D) Fluorescence signals in live as well as isolated organs and femur and tibia of mice 4 and 8 h after intravenous
injection of DiD-labeled OAPLG. (E) Quantification of fluorescence signals in femur and tibia 4 h after intravenous injection of DiD-labeled OAPLG. (F) Quantification of
fluorescence signals in femur and tibia 8 h after intravenous injection of DiD-labeled OAPLG. n=3. **P<0.001. Figure 5 is reproduced with permission from Yu B, Gao Q,
Sheng S et al. Smart osteoclasts targeted nanomedicine based on amorphous CaCO; for effective osteoporosis reversal. ] Nanobiotechnology. 2024; 5; 22(1):153. Creative
Commons Attribution 4.0 International License Copyright (2024), BMC. Creative Commons Attribution 4.0 International License.®®

reduced oxidative stress and increased bone mass without notable systemic side effects. These findings suggest that
ALN@BMSCM@PLGA-TK-PEG-SS31 holds promise as a treatment for OP.”’

Integration of 3D printing and tissue engineering. The goal is to combine bone repair scaffolds with NDDSS to
effectively treat osteoporotic fractures. Hydroxyapatite (HAP)/PLGA scaffolds can be loaded with BMP-2 and anti-
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Figure 6 In vivo new bone formation ability of the BPM-ZAB in osteoporotic rat Model 2. (A) Representative micro-CT images of ovariectomy-induced rats with OP and
calvarial defects showing mineralized new bone at 8 weeks post-implantation (scale bar, 1000 pm). (B) Quantification of BMD (n = 4). (C) Bone volume density (BV/TV)
quantification (n = 4). Histological analysis with (D) Hematoxylin and Eosin (H&E), (E) Masson’s Trichrome (MT), (F) osteocalcin (OCN; IHC), and (G) tartrate resistant acid
phosphatase (TRAP, red arrow). (H) Gene expression related to osteogenesis in rats with OP at week 8 after implantation: ALF, RUNX2, OCN, OPN, ON, and COLIAI (n
= 3). (I) Gene expressions related to osteoclast activation: NFATcl, CTSK, c-FOS, TRAP, and V-ATPase a3 and d2 (n = 3). (J) The protein expression of RANKL and OPG
was determined using Western blotting. #p < 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.05 indicate statistically significant differences, respectively. Figure 6 is reproduced
with permission from Lee JK, Kim DS, Park SY, Baek SW, Jung JW, Kim TH, Han DK. Nitric Oxide-Releasing Bioinspired Scaffold for Exquisite Regeneration of Osteoporotic
Bone via Regulation of Homeostasis. Adv Sci (Weinh). 2023;10(6): €2205336. © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH. CCBY License.”®

resorptive agents to enhance therapeutic efficacy. Polypyrrole is utilized to facilitate osteogenesis through electrical
stimulation. Scaffolds can be custom-designed using patient-specific CT data to ensure optimal fit and functionality.”®'*!
Kong et al introduced a 3D-printed polycaprolactone scaffold embedded with strontium-substituted mesoporous bioac-
tive glass nanoparticles (Sr-MBGNPs) and icariin for targeted regeneration of osteoporotic bone. Their findings indicate
that this novel scaffold platform offers a promising localized treatment strategy, minimizing systemic side effects while
enhancing fixation stability. The innovative combination of Sr-MBGNPs and ICN underscores its potential to transform
OP therapy by promoting bone regeneration and reducing bone resorption.”

Al-driven design. The aim is to accelerate the optimization of nanomaterials and facilitate their clinical translation.
This involves assessing the relationship between nanoparticle size and charge with respect to bone targeting efficiency, as
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Table 4 Summary of Future Perspectives

Direction Representative Technology Potential Breakthroughs

Smart responsive materials | pH/enzyme dual-responsive nanoparticles Achieve “on-demand drug release” to reduce side effects
Multimodal therapy Gene-drug co-delivery systems Synchronously regulate bidirectional targets in bone metabolism
Bioinspired delivery Exosome/cell membrane-coated nanoparticles Enhance targeting and biocompatibility

3D printing integration Drug-loaded bone repair scaffolds Treat osteoporotic fractures

Al-assisted design Machine learning for nanomaterial optimization | Accelerate clinical translation

well as simulating drug release kinetics. Al-assisted methods are employed to identify optimal material combinations,
such as suitable polymer-drug pairs, thereby enhancing the efficiency of the design process'®*'** (Table 4).

Key Challenges and Solutions

Biosafety concerns arise from the long-term accumulation of inorganic nanomaterials like silica, which pose toxicity
risks, and from cationic polymers such as polyethylenimine, which can damage cell membranes. To address these
challenges, the adoption of biodegradable cationic polymers like poly (B-amino esters) can mitigate toxicity.
Additionally, surface modifications such as PEGylation can reduce immune clearance, while incorporating targeting
ligands may allow for lower dosages.**'%>:1%

Manufacturing challenges include batch-to-batch variability in liposomes and exosomes, as well as difficulties in
reproducing processes for complex nanosystems like hybrid materials. To address these issues, microfluidic technology
enables continuous and standardized production of nanoparticles, while process analytical technology (PAT) allows for
online monitoring of critical parameters, such as particle size and zeta potential, thereby enhancing the reproducibility of
manufacturing processes.'*’ 1%

Clinical translation faces barriers due to discrepancies between animal models, particularly OVX rats, and human
diseases, along with a lack of standardized efficacy evaluation systems. To overcome these challenges, employing large
animal models such as osteoporotic sheep or non-human primates can provide more relevant data for human applications.
Furthermore, dynamic efficacy assessment can be enhanced by concurrently monitoring biomarkers like CTX-1, a bone
resorption marker, and PINP, a bone formation marker. 10112

Personalized medicine for OP faces challenges due to variability among patient subtypes, such as postmenopausal and
senile osteoporosis, and the absence of individualized dosing regimens. Solutions include companion diagnostics that
match nanoparticles based on genetic testing for LRPS mutations, enabling more tailored therapies. Furthermore, smart
delivery systems that adjust drug release rates according to real-time monitoring of bone density can improve treatment

efficacy and safety.''!"

Conclusions

This review systematically explores recent applications of NDDSs—comprising inorganic, organic, biogenic, and hybrid
materials—in the treatment of OP. It focuses on targeting design strategies, efficacy validation, and clinical translation
challenges. To combat drug resistance, improvements in targeting specificity, combination therapies, and sustained
release profiles are crucial. Moreover, advancements in gene editing, immunotherapy, and biomarker-driven approaches
can enhance therapeutic efficacy. Biosafety concerns related to toxicity and membrane damage can be addressed using
biodegradable polymers and surface modifications. Manufacturing challenges may be mitigated through microfluidic
technology and process monitoring. Finally, the use of large animal models and companion diagnostics can support
clinical translation and personalized medicine.
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