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Background: The treatment of osteoarticular tuberculosis (TB) remains a significant clinical challenge, primarily due to inadequate
drug delivery to bone tissues, severe bone destruction, and delayed repair processes. Conventional pharmacological therapy has limited
efficacy and often necessitates surgical intervention. Thus, we developed a bone-targeted nanosystem by integrating rifapentine (RPT)
and alendronate (ALN) to improve drug delivery, mitigate TB-induced bone destruction, and facilitate bone regeneration.
Methods: In this study, ALN was conjugated to PLGA-PEG-COOH utilizing the DCC/NHS method and subsequently loaded with
RPT through premix membrane emulsification, resulting in the formation of the RPT/ALN-PLGA-PEG nanosystems. The physico-
chemical properties of the nanosystems were characterized, and its antibacterial activity, cytotoxicity, and impact on osteogenic/
osteoclastic differentiation were evaluated in vitro. Bone-targeting efficacy and biodistribution were assessed using in vivo experi-
ments. A rabbit spinal TB model was used to assess therapeutic efficacy based on inflammatory and bone turnover markers, bone
mineral density (BMD), and histopathological analyses.

Results: The RPT/ALN-PLGA-PEG nanosystems exhibited a uniform size of 89 nm, excellent stability, and sustained drug-release
characteristics. In vitro, the nanosystems demonstrated excellent antibacterial activity, low cytotoxicity, and the ability to suppress
osteoclastogenesis while promoting osteoblast differentiation. In vivo imaging and tissue distribution studies have demonstrated that
the RPT/ALN-PLGA-PEG nanosystem achieved a drug concentration in bone tissue at least 3-fold higher than that of the non-targeted
nanosystem. In vivo, the bone-targeted nanosystem effectively alleviated inflammation, stabilized levels of bone resorption markers,
and improved BMD, accompanied by elevated levels of osteogenic markers. Histological scores revealed complete bone regeneration
in the RPT/ALN-PLGA-PEG group, whereas fibrous tissue formation was observed in the other groups.

Conclusion: The RPT/ALN-PLGA-PEG nanosystems demonstrated remarkable bone-targeting capability, sustained and potent
antibacterial efficacy, and mitigation of bone destruction, coupled with the promotion of bone repair. These findings provide an
innovative approach for addressing osteoarticular TB.
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Introduction

Tuberculosis (TB), caused by Mycobacterium tuberculosis, is a chronic and debilitating infectious disease that remains
a significant public health challenge globally. Osteoarticular TB is a common form of extrapulmonary TB. Compared to
TB at other anatomical sites, osseous tissue exhibits greater rigidity and less blood supply. This increases vulnerability to
necrosis, encapsulation, and calcification, which impair drug delivery efficiency and targeting accuracy, thereby extend-
ing treatment duration, reducing therapeutic efficacy, and affecting patient compliance in osteoarticular TB.'*
Additionally, TB-induced local bone necrosis often leads to the development of bone defects, which frequently require
surgical intervention.®> Therefore, improving drug delivery and mitigating bone destruction while promoting bone defect
repair is more critical for treating osteoarticular TB than drug molecule innovation.

Nanosystems have become a promising method for drug delivery, improving drug stability, extending release
duration,” and reducing side effects, while maintaining or improving therapeutic efficacy.” Polylactide-co-glycolide
(PLGA) nanoparticles have received approval from the United States Food and Drug Administration and the European
Medicines Agency® as delivery carrier materials for controlled drug delivery. This is due to their excellent biocompat-
ibility, safety, and biodegradability, with degradation byproducts being naturally eliminated via metabolic pathways.’
Most nanosystems are synthesized with polyethylene glycol (PEG), which is conjugated to enhance the stability and
efficiency of the system, thereby extending its circulation time in the bloodstream.®

Compared to rifampicin, a widely used first-line anti-TB drug, rifapentine (RPT) exhibits a comparable antibacterial
spectrum, while demonstrating 2—10 times greater anti-TB efficacy. Additionally, RPT is associated with a lower
incidence of adverse reactions and a longer half-life.” Furthermore, compared to other water-soluble anti-TB medica-
tions, RPT exhibits superior stability and minimized leakage both in vitro and in vivo following the development of
targeted formulations.

Histopathological analysis revealed that the activation of osteoclasts in specific areas is crucial for the bone
destruction associated with osteoarticular TB.'® Consequently, the increased number and improved activation of
osteoclasts following Mycobacterium tuberculosis infection serve as key contributors to its pathogenesis.'
Bisphosphonates, acidic oligopeptides, and tetracycline are commonly utilized as targeting strategies for the delivery
of drugs to bone surfaces.'> Alendronate (ALN), in the form of ALN acid, is a nitrogen-containing bisphosphonate.
These bisphosphonates can bind hydroxyapatite in the bone matrix'® and inhibit osteoclast activity during bone
resorption. Given that ALN can directly regulate bone metabolism and inhibit osteoclast activity, while demonstrating
significant bone-targeting efficacy,'* we hypothesize that the combination of RPT and ALN may synergistically affect the
treatment of osteoarticular TB.

In this study, an ALN-functionalized drug delivery nanosystem was developed to prolong the circulation duration of
drugs and achieve efficient, targeted delivery to the bone tissue. This bone-targeted nanosystem aims to improve RPT
accumulation in bone tissue, prolong drug release, improve anti-TB efficacy, inhibit osteoclast activity to mitigate bone
destruction caused by Mycobacterium tuberculosis, and promote bone regeneration during treatment (Figure 1).

Materials and Methods

Animals and Reagents

The animals used in this study were obtained from the Experimental Animal Research Center of Shanxi Medical
University. Approval for this study was granted by the Animal Ethics Committee of the Affiliated Linfen Hospital of
Shanxi Medical University (Approval Number: IACUC-20220829005). All animal care and experimental procedures
were conducted in accordance with the guidance of the Care and Use of Laboratory Animals from the National Institutes
of Health.

Unless otherwise specified, all chemicals and reagents were acquired from Solarbio Science & Technology Co., Ltd.
(Beijing, China). ALN (Sigma-Aldrich, St Louis, Missouri, USA), RPT (Solarbio Science & Technology Co., Ltd),
PLGA-PEG-COOH (Mw: 12,000, lactide: glycolide = 50:50, Jinan Daigang Biomaterial Co., Ltd, Shandong, China),
Dicyclohexylcarbodiimide (DCC) and N-hydroxysuccinimide (NHS) were obtained from Sigma-Aldrich. Cell Counting
Kit-8 (Dojindo, Kumamoto, Japan), Shirasu porous glass (SPG) membranes (SPG Technology Co., Ltd, Miyazaki,

14394 hues International Journal of Nanomedicine 2025:20



Wang et al

@ v
ALN ALN-PLGA-PEG
PLGA-PEG-COOH
RPT

A OsteoblaSI/ Neoclast

/ v .
rl \\
y > . '
\ 4 H
\ > ]
\ K Inhibition of Tuberculosis Proliferation !
R A 3 °

: \\\\f)\steogenesis g—o@gf y v Osteolysis//,/,, J - ,
e i > 1757 V=3
£ P, e b o, _____ ——mg o = $ - = v’
V. _" ) -'}."‘f.:' re
~ ki 7 X "
= > -~ 2 ey CHAR

Figure | Synthesis and mechanism of RPT/ALN-PLGA-PEG nanosystems for targeted therapy of osteoarticular Tuberculosis.

Japan), Alpha Modified Eagle’s Minimum Essential Medium (a-MEM), Dulbecco’s modified Eagle’s medium (DMEM),
trypsin, fetal bovine serum (FBS) and penicillin-streptomycin solution were acquired from Thermo Fisher Scientific
(Waltham, MA, USA). The Xinjiang Academy of Animal Science supplied the Mycobacterium tuberculosis strains.

Synthesis of ALN-PLGA-PEG Conjugates

The ALN-PLGA-PEG conjugates were synthesized using the DCC/NHS method (Figure 2A). Approximately 26 mg of
ALN was dissolved in 5 mL of 5% acetic acid solution and freeze-dried to obtain acidified ALN for later use. A solution
containing 240 mg of PLGA-PEG-COOH, 8.24 mg of DCC, and 2.3 mg of NHS was prepared in 20 mL of anhydrous
dimethyl sulfoxide (DMSO) and stirred for 24 h under nitrogen protection to activate the carboxylic acid group. The
resulting precipitate was removed via filtration. The acidified ALN was then added to the activated PLGA-PEG solution
and stirred under nitrogen protection for 24 h. Using a membrane with a molecular weight cut-off (MWCO) of 3.5 kDa,
the mixture was dialyzed in deionized water for a period of 48 h. The mixture was centrifuged at 15,000 x g for 15 min,
washed thrice with deionized water, lyophilized, and stored for subsequent experiments.

Development of Bone-Targeted Drug Delivery Nanosystems

Bone-targeted nanosystems (RPT/ALN-PLGA-PEG) were synthesized using the premix membrane emulsification
method. RPT (5 mg) and ALN-PLGA-PEG (60 mg) were dissolved in 5 mL dichloromethane (DCM) and cooled to 4
°C. A primary emulsion was formed by subjecting the solution to probe sonication with a sonicator (UP400S, Hielscher
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Figure 2 Characterization of nanosystems. lllustrative chemical synthesis of ALN-PLGA-PEG (A). FTIR spectra of ALN, PLGA-PEG-COOH, and ALN-PLGA-PEG (B).

Transmission electron microscopy images and particle size distributions of RPT/PLGA-PEG (C and D) and RPT/ALN-PLGA-PEG nanosystems (E and F), respectively (scale
bar = lum, scale bar = 50 nm). In vitro RPT release curves (G) and cumulative percentage release curve (H) of free RPT, RPT/PLGA-PEG, and RPT/ALN-PLGA-PEG.

Ultrasonics, Germany) at 50% amplitude for 1.5 min. To generate a coarse emulsion, the emulsion was subjected to
further emulsification using a 1 pm pore-sized SPG membrane while being magnetically stirred for 5 min. Subsequently,
a SPG membrane with a pore size of 0.1 pum was utilized to subject the coarse emulsion to five cycles of high-pressure
homogenization. The resulting emulsion was immediately transferred into 50 mL of 1% (w/v) PVA solution and stirred
magnetically at 5 X g overnight to facilitate evaporation of the organic solvent. The separated nanoparticles were
collected by centrifugation, washed three times with deionized water, and lyophilized. Non-targeted nanosystems (RPT/
PLGA-PEG) were developed using an identical procedure. The only modification to the procedure for the preparation of
fluorescently labeled nanosystems was the addition of Cy5.5 to DCM.

Characterization of Nanosystems
The synthesized ALN, PLGA-PEG-COOH, and ALN-PLGA-PEG were analyzed by Fourier Transform Infrared (FTIR)
spectrometer (Nicolet 8700, Thermo Fisher Scientific). The spectra were captured at 500-4000 cm™'. These conjugates
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were confirmed further through "H NMR spectroscopy on a Bruker spectrometer (Bruker, Switzerland). The particle size,
zeta potential (ZP), and polydispersity index (PDI) of the RPT/ALN-PLGA-PEG and RPT/PLGA-PEG nanosystems
were determined using the ZetaSizer Nano-ZS (Malvern Instruments Ltd., Malvern, UK). 5 mg of nanoparticles were
weighed into a 10 mL flask, and 0.1 mL of DCM was added to disrupt their structure. The drug loading efficiency (DLE)
and encapsulation efficiency (EE) were assayed by ultraviolet spectrophotometry. The morphology of the nanosystems
were examined using a JEM-1230 transmission electron microscope (TEM; JEOL, Tokyo, Japan) following staining with
a 2% (w/v) sodium phosphotungstate solution. The stability was assessed by storing the samples at 25 °C for 20 days in
a controlled chamber, with periodic measurements of particle size and ZP.

Drug Release Properties in vitro

The study on drug release was conducted using the dialysis method. Free RPT, RPT/PLGA-PEG, and RPT/ALN-PLGA-
PEG nanosystems were enclosed in a dialysis bag (MWCO 3.0 kDa) and incubated in phosphate-buffered saline (PBS) at
37 °C with stirring at 100 rpm. Samples were collected at specific intervals, replaced with equal volume liquid, and
analyzed using ultraviolet spectrophotometry method. RPT concentration was determined by comparing it with the
standard curve. The procedure was performed three times, and the curves for drug release and cumulative drug release
percentages were plotted.

In vitro Antibacterial Activity

The antibacterial efficacy of RPT/ALN-PLGA-PEG against Mycobacterium tuberculosis H37Rv (ATCC 27294) was
assessed using the agar disk diffusion method. Mycobacterium tuberculosis suspension (approximately 1x10° cfu/mL)
was prepared, and 20 mg of RPT/ALN-PLGA-PEG were suspended in 10 mL of PBS for 6 h. A sterile filter paper (6 mm
in diameter) was soaked in the suspension for 30 min. Approximately 100 pL of the bacterial suspension was spread onto
a modified Lowenstein-Jensen medium, with filter paper positioned at the center. The medium was then incubated at 37
°C in an atmosphere containing 5% CO, for 3—4 weeks to observe the inhibition zone. RPT and RPT/PLGA-PEG
nanosystems were used as positive controls, while filter paper without the drug served as the negative control.

In vitro Cytotoxicity Assessment

Bone marrow mesenchymal stem cells (BMSCs) were isolated from the tibias and femurs of 6-week-old C57BL/6J mice
and cultured using a previously described method.'> The cytotoxicity of nanosystems was evaluated using the Cell
Counting Kit-8 (CCK-8) assay. BMSCs were divided into five groups and cultured in a 96-well plate at a density of
5x10° cells/mL, with each group in three wells. The cells were treated with ALN, ALN-PLGA-PEG, and RPT/ALN-
PLGA-PEG nanosystems at final concentrations equivalent to ALN (0, 0.03, 0.3, 3, and 10.0 ug/mL)'® at 37 °C for
48 h. The ALN content in the formulation was quantified using spectrophotometry based on complex formation with Fe
(I11) ions.'” RPT, RPT/PLGA-PEG, and RPT/ALN-PLGA-PEG nanosystems were incubated with BMSCs at final RPT-
equivalent concentrations (0, 15.0, 30.0, 45.0, and 60.0 pg/mL)'®'® for 48 h, following the same procedure. Absorbance
at 450 nm was recorded with a Multiskan MK3 microplate spectrophotomete (Thermo Fisher Scientific).

Cellular Uptake Experiments

Bone marrow monocytes (BMMs) were isolated from the femurs of 4—-6-week-old C57BL/6J mice and cultured for 4
days in o-MEM supplemented with 10% FBS, 1% penicillin-streptomycin, and 30 ng/mL macrophage colony-
stimulating factor (M-CSF, R&D Systems, Minneapolis, MN, USA, catalog no. 416-ML). The adherent cells were
collected as BMMs. For the cellular uptake assay, BMMs were cultured in 24-well plates at a density of 1x10* cells/well.
After a 24-hour incubation period, the medium was exchanged for fresh medium containing Cy5.5-labeled RPT/PLGA-
PEG or RPT/ALN-PLGA-PEG nanosystems (50 pg/mL). Non-internalized nanoparticles were removed by washing the
wells with cold PBS at 2 and 6 h. Cells were fixed with 4% paraformaldehyde for 15 min, subsequently stained with
phalloidin for 15 min to label the cytoskeleton, and counterstained with DAPI for 5 min to visualize the nuclei. The
samples were then analyzed using an Olympus FV3000 confocal laser scanning microscope (CLSM; Tokyo, Japan).
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In vivo Assessment of Biodistribution, Biosafety, and Targeting Efficiency

C57BL/6] mice were used to investigate the in vivo biodistribution of nanosystems. The mice were divided into three
groups based on the administration of different formulations via tail vein injection: RPT/ALN-PLGA-PEG, RPT/PLGA-
PEG, and free RPT. An equivalent dose of RPT (10 mg/kg) was administered to all groups. Tissue samples were
collected from 20% (w/v) tissue homogenates at 1, 24, and 48 h post-injection for drug concentration analysis. High-
performance liquid chromatography was used to evaluate the distribution of RPT and quantify its concentration in
plasma, liver, kidney, and bone tissues.

The potential hepatotoxicity and nephrotoxicity associated with the nanosystem were assessed by measuring key
serum biomarkers in each group on the fourth day post-injection, with saline administration serving as the control. The
biomarkers included alanine transaminase (ALT), aspartate transaminase (AST), creatinine (Cr), and blood urea nitrogen
(BUN). These biomarkers were analyzed using a Hitachi 7100 automatic biochemical analyzer (Tokyo, Japan).

To evaluate the bone-targeting efficacy, Cy5.5-labeled RPT/ALN-PLGA-PEG nanosystems (10 mg/kg) were admi-
nistered intravenously post-anesthesia, with the control group receiving non-targeted RPT/PLGA-PEG nanosystems. In
vivo real-time fluorescence was monitored using the in vivo imaging system (IVIS) Spectrum CT Imaging System
(PerkinElmer, Waltham, MA, USA). Additionally, 24 h after the injection, fluorescence analysis of the brain, lungs, heart,
liver, spleen, kidneys, and bones was performed using the same system.

Impact of Nanosystems on Osteogenic and Osteoclastic Differentiation

BMSCs and BMMs were cultured in 96-well plates at a density of 1x10° cells/well. BMSCs were maintained in
osteogenic induction medium to promote their differentiation into osteoblasts. BMMs were cultured in a-MEM
supplemented with 30 ng/mL M-CSF and 50 ng/mL receptor activator of nuclear factor-«B ligand (RANKL, R&D
Systems, catalog no. 462-TEC) to induce their differentiation into osteoclasts. BMSCs and BMMs were respectively
divided into four groups based on the administration of ALN-loaded formulations: the RPT/ALN-PLGA-PEG group, the
ALN-PLGA-PEG group, the ALN group, and the Control group. The final concentration in each experimental group was
standardized to the equivalent of ALN (3 pg/mL), whereas the Control group received the cell culture medium only.
Following a 7-day culture period, commercially available staining kits were employed to perform alkaline phosphatase
(ALP) and Alizarin red staining on BMSCs, whereas Tartrate-resistant acid phosphatase (TRAP) staining was conducted
on BMMs. All procedures were performed according to the manufacturer’s protocols.

Western Blot Analysis

Total protein was extracted from BMSCs and BMMs, and the protein concentrations were determined using the
bicinchoninic acid (BCA) assay kit. Equal amounts of protein samples were separated using sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred onto polyvinylidene fluoride membranes (Merck Millipore,
Mannheim, Germany). The membranes were incubated overnight at 4 °C with primary antibodies against Collagen
I (Abcam, Cambridge, UK, rabbit monoclonal, catalog no. ab270993, dilution 1:1000), osteocalcin (Abcam, rabbit
monoclonal, catalog no. ab309521, dilution 1:1000) for BMSCs, nuclear factor of activated T-cells cytoplasmic 1
(NFATc1, Abcam, rabbit polyclonal, catalog no. ab25916, dilution 1:1000), cellular oncogene fos (c-Fos, Abcam, rabbit
monoclonal, catalog no. ab222699, dilution 1:1000) for BMMs, and GAPDH (Abcam, rabbit monoclonal, catalog no.
ab181602, dilution 1:10000) as an internal control. The membranes were then incubated with horseradish peroxidase-
conjugated goat anti-rabbit IgG (Abcam, catalog no. ab97051, dilution 1:5000) for 1.5 h at room temperature. Protein
bands were detected using an enhanced chemiluminescence (ECL) detection kit (Thermo Fisher Scientific) and
visualized with a chemiluminescence imaging system (Bio-Rad, Hercules, CA, USA). Subsequently, the optical density
was quantified using the ImagelJ software (NIH, Bethesda, Maryland).

Development of Osteoarticular Tuberculosis Models

The animal model of spinal TB was established according to the previously described method.'® Forty-eight male New
Zealand white rabbits were anesthetized, and the fifth lumbar vertebra was surgically exposed. A steel drill bit was
utilized to create a standardized bone defect (1.5 mm in diameter and depth) at the proximal root of the transverse process
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of the fifth lumbar vertebra. Subsequently, 0.1 mL of Mycobacterium tuberculosis suspension (H37Rv ATCC 27294,
1x10° cfu/mL) was gradually infused into the defect. One week later, the animals were randomly divided into four
groups based on the administration of RPT-loaded formulations: the RPT/ALN-PLGA-PEG group, the RPT/PLGA-PEG
group, the RPT group, and a Control group that received physiological saline. The final RPT-equivalent concentrations in
the treatment groups were standardized to 30 mg/kg body weight and administered intravenously twice a week for 4 or
8 weeks.

Impact of Nanosystems on Inflammation and Bone Turnover Markers

Blood samples were collected from the four groups at different stages: before TB infection (normal), 1 week post-
infection (TB); and 1, 2, 4, and 8 weeks post-treatment. The erythrocyte sedimentation rate (ESR) was measured using an
Electa-Lab ESR analyzer (Forli, Italy). The concentrations of C-reactive protein (CRP) in serum were measured using
a CRP enzyme-linked immunosorbent assay (ELISA) kit (Abcam, catalog no. Ab157726), following the manufacturer’s
instructions. Serum concentrations of bone alkaline phosphatase (BALP) and N-terminal propeptide of type 1 procolla-
gen (PINP), which serve as indicators of bone formation, were measured using ELISA kits supplied by CUSABIO
Biotech Co., Ltd (Wuhan, China; BALP: catalog no. CSB-E15042Rb; PINP: catalog no. CSB-E17085Rb). Furthermore,
serum levels of two key bone resorption markers, C-terminal telopeptides of collagen type I (CTX-I) and tartrate-resistant
acid phosphatase 5b (TRAP-5b), were quantified using ELISA kits provided by Fine Biotech Co., Ltd (Wuhan, China;
CTX-I: catalog no. ERB0038) and CUSABIO (TRAP-5b: catalog no. CSB-E15043Rb), respectively. The absorbance at
450 nm was recorded with a Multiskan Spectrum microplate reader manufactured by Thermo Fisher Scientific.

Evaluation of Bone Mineral Density (BMD)

Following the administration of anesthesia, the rabbit spine was scanned at a standard position using a dual-energy X-ray
absorptiometry (DXA) scanner (OsteoSys, Seoul, Korea). The lateral surface of the vertebra was aligned to face the
scanner plate. Scans were performed at the same stages as in the prior experiment to assess the BMD of the affected
spinal areas.

Histological Examination and Scoring

The rabbits were euthanized using sodium pentobarbital 4 and 8 weeks post-treatment to collect the diseased tissue. After
macroscopic examination, the samples were fixed using formalin, decalcified, paraffin-embedded, and sectioned into
5 mm slices. Hematoxylin and eosin (HE) staining was conducted on sections from embedded samples for evaluating
tissue morphology. Three observers independently evaluated the regenerated tissue in the areas of bone destruction using
Nilsson histological scores (NHS).2°

Statistical Analysis

The data were analyzed using the SPSS software (version 22.0; IBM, Armonk, NY, USA). The results are presented as
mean + standard deviation. Differences between continuous variables were assessed using one-way analysis of variance
with post-hoc multiple comparisons (Tukey’s and Games-Howell tests). A p < 0.05 indicated statistical significance.

Results

Physical and Chemical Characterization

The infrared spectra of ALN, PLGA-PEG-COOH, and ALN-PLGA-PEG are depicted in Figure 2B. The ALN spectrum
exhibited bands at 3480 (O-H of phosphate), 2950 (C-H), 1630 (N-H), and 920 (P-O) cm™'.?! In the PLGA-PEG-COOH
spectrum, the band at 2990 cm™' corresponds to C-H stretching, 1740 cm™' to C=O stretching, and 1160-1060 cm ™' to
C-O and C-O-C groups, which is consistent with previously reported data.?” In the ALN-PLGA-PEG spectrum, the band
at 3480 cm ! indicates O-H stretching from ALN, while the band at 3270 cm ' corresponds to N-H stretching of the
amide (-CO-NH) bond.>* Compared with the ALN spectrum, the peaks at 1600 and 1630 cm ™' (N-H) were significantly
weaker in the ALN-PLGA-PEG spectrum, indicating the substitution of the -NH, group in ALN and its conjugation with
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PLGA-PEG. The band at 1740 cm™' confirmed the presence of the C=0O group in the amide structure, and the presence of
the C-O group in PLGA-PEG was confirmed by the band at 1060 cm '.?* The analysis of 'H NMR spectra was
performed on ALN, PLGA-PEG-COOH, and ALN-PLGA-PEG (Supplementary Figure SIA-C). In the ALN-PLGA-
PEG spectrum, the peak at 2.26 ppm indicates the methylene protons of ALN,? at 1.45 ppm corresponds to the methyl

groups of lactic units of PLGA, and 3.58 ppm corresponds to the oxyethylene units of PEG, confirming the successful
synthesis of ALN-PLGA-PEG conjugation.”® The infrared and 'H NMR spectra confirmed the successful synthesis of the
ALN-PLGA-PEG conjugates.

TEM images revealed that RPT/PLGA-PEG and RPT/ALN-PLGA-PEG nanosystems appeared spherical, with mean
sizes of 85.62 + 2.14 and 89.38 + 2.77 nm, respectively, exhibiting a symmetrical distribution (Figure 2C—F). The particle
size of the RPT/ALN-PLGA-PEG nanosystems was slightly larger than that of the RPT/PLGA-PEG nanosystems, with
no statistically significant difference. Both types of nanoparticles exhibited drug EE exceeding 70%, loading capacity of
6%—7%, PDI ranging from 0.15 to 0.18, and ZP between —15 and —19 mV, indicating good homogeneity (Supplementary
Table S1). Stability studies revealed that both nanosystems remained stable for at least 3 months, with no significant
differences observed (Supplementary Table S2).

Drug Release Properties in vitro

The release profiles of the RPT/ALN-PLGA-PEG and RPT/PLGA-PEG nanosystems are depicted in Figure 2G and H.
An initial burst effect was observed in the release profiles, followed by a sustained and controlled release phase.
Conversely, free RPT demonstrated a rapid release pattern, with approximately 80% of the drug released within the
first 3 h. At 72 h, the drug concentrations for the RPT/ALN-PLGA-PEG and RPT/PLGA-PEG nanosystems were 4.18 £
0.19 and 4.76 = 1.91 pg/mL, respectively, significantly exceeding the minimum inhibitory concentration. Additionally,
the cumulative release rates for these nanosystems were 86.69% and 83.95%, respectively. The release kinetics of these
nanosystems were analyzed using the zero-order, first-order, and Higuchi equation models. For the RPT/ALN-PLGA-
PEG nanosystem, the R-squared values for the zero-order, first-order, and Higuchi equation models were 0.84098,
0.98782, and 0.97155, respectively. For the RPT/PLGA-PEG nanosystems, R-squared values were 0.81489, 0.98815, and
0.95903, respectively. These results imply that the release kinetics of these nanosystems predominantly follow a first-
order kinetic model.

In vitro Assessment of Antibacterial Activity and Cytotoxicity

After 3 weeks, the diameters of the antibacterial inhibition zones for free RPT, RPT/PLGA-PEG, and RPT/ALN-PLGA-
PEG nanosystems were measured at 18.90 + 0.20, 18.17 £ 0.31, and 18.53 + 0.90 mm, respectively, without statistically
significant differences. At 4 weeks, the inhibition zone diameters for the RPT/ALN-PLGA-PEG and RPT/PLGA-PEG
nanosystems were 18.87 £ 0.55 and 18.50 £ 0.96 mm, respectively (Figure 3A and B), indicating no statistically
significant difference between the two formulations. However, the inhibition zone diameter of free RPT was 15.5 +
0.75 mm, which was significantly lower than those of the nanosystems.

The viability of BMSCs incubated with different concentrations of ALN and RPT for 48 h was assessed using the
CCK-8 assay. RPT/ALN-PLGA-PEG and ALN-PLGA-PEG nanosystems maintained cell viability above 90% across all
tested ALN concentrations, indicating low cytotoxicity and favorable biocompatibility. Conversely, free ALN at 10 pg/
mL resulted in cell viability levels below 85%, indicating that nano-formulation may mitigate the cytotoxicity of ALN
(Figure 3C). The cell viability for RPT/ALN-PLGA-PEG and RPT/PLGA-PEG nanosystems exceeded 90% across all
tested RPT concentrations, whereas free RPT at 60 pg/mL led to viability below 85%, confirming that nano-formulation
may reduce the cytotoxicity of RPT (Figure 3D).

In vitro Cellular Uptake of Nanosystems

Cells treated with RPT/PLGA-PEG and RPT/ALN-PLGA-PEG nanosystems exhibited low fluorescence intensity at
2 h (Figure 3E), with a peak detected at 6 h (Figure 3F). No significant differences were observed in the cellular uptake
between the RPT/PLGA-PEG and RPT/ALN-PLGA-PEG nanosystems in BMMs. These results demonstrate that surface
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modification of nanosystems with ALN molecules confers bone-targeting capability without compromising the cellular
uptake efficiency of BMMs.

Evaluation of Nanosystems Biodistribution, Biosafety, and Targeting Efficiency

The drug tissue distribution analysis revealed that RPT concentrations in bone tissue were significantly elevated by at
least 3-fold in the RPT/ALN-PLGA-PEG group compared to both the RPT/PLGA-PEG and free RPT groups at 1, 24,
and 48 hours post-administration (Figure 4A—C). This finding demonstrates the excellent bone-targeting capability of the
RPT/ALN-PLGA-PEG nanosystem. Furthermore, the concentration of RPT delivered by the RPT/ALN-PLGA-PEG
nanosystem within bone tissue consistently exceeded that in the bloodstream at all tested time points (Figure 4D).
Additionally, at 24 and 48 h post-administration, the concentration of RPT in the bloodstream delivered by the RPT/
ALN-PLGA-PEG and RPT/PLGA-PEG nanosystems was significantly higher than that of the free RPT group, indicating
that the nanosystems exhibited prolonged release characteristics. Furthermore, serum biomarkers of liver and kidney
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Figure 4 The RPT/ALN-PLGA-PEG nanosystems exhibited a significantly improved accumulation of RPT within bone tissue and demonstrated favorable biocompatibility for
in vivo applications. The drug concentration distribution of different formulations across various tissues is illustrated at time intervals of | hour (A), 24 hours (B), and
48 hours (C). *P < 0.05, *P < 0.01 vs RPT; *P < 0.01 vs RPT/PLGA-PEG. The drug concentration of RPT/ALN-PLGA-PEG in various tissues was quantitatively determined
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function, including AST, ALT, BUN, and Cr, were found to be within normal levels (Figure 4E). These toxicological
findings suggest that the nanosystems possess an appropriate biosafety profile for in vivo applications. IVIS revealed that
RPT/ALN-PLGA-PEG nanosystems were rapidly distributed throughout the mouse body, with significant accumulation
in the bone tissue over time (Figure 4F). However, significant hepatic accumulation was observed (Figure 4G). The RPT/
ALN-PLGA-PEG nanosystems remained detectable in bone tissue at 24 and 48 h post-injection (Figure 4H). These
findings indicate that RPT/ALN-PLGA-PEG nanosystems can efficiently localize to bone tissue following systemic
administration and exhibit sustained accumulation within the bone over time.

Evaluation of the Impact of Nanosystems on Cell Differentiation

BMSCs were cultured for 7 d, followed by staining with Alizarin Red and ALP (Figure 5A). All groups demonstrated
positive Alizarin Red staining. The other three groups demonstrated a significantly enhanced intensity of Alizarin Red
staining than the control group (Figure 5B). A similar trend was observed for ALP staining (Figure 5C). Moreover,
BMMs were cultured for 7 days and stained with TRAP (Figure 5A). The analysis revealed a significant reduction in the
number of osteoclasts in the other three groups compared to the control group (Figure 5D).

This study investigated the impact of nanosystems on osteogenic and osteoclastic differentiation. Compared to the
control group, the levels of collagen I and osteocalcin were significantly elevated in the other three groups (Figure 5E and
F). Moreover, the levels of NFATc1 and c-Fos were measured in BMMs using Western blot analysis, revealing that these
protein concentrations were significantly decreased in the other three groups compared to those in the control group
(Figure 5G and H). The above results demonstrated that the ALN-functionalized nanosystem exhibited dual regulatory
capabilities, promoting the osteogenic differentiation of BMSCs while concurrently inhibiting osteoclastogenesis in
BMMs.

Evaluation of the Therapeutic Effect of the Nanosystems

During the observation period, CRP levels decreased in all four groups. Notably, the CRP levels in the RPT/ALN-PLGA-
PEG group exhibited a significant decrease, with near-normal levels after 2 weeks of treatment (Figure 6A). Conversely,
CRP levels in the RPT and RPT/PLGA-PEG groups decreased gradually, approaching normal levels after 8 weeks of
treatment. However, the CRP levels in the control group remained significantly higher than normal levels after 8 weeks
of treatment. The ESR levels demonstrated consistent trends across all four groups (Figure 6B).

Except for the control group, the mean BMD levels in all other groups increased gradually (Figure 6C). Notably,
BMD levels in the RPT/ALN-PLGA-PEG group were not significantly different from the normal levels 1 week after
treatment. Contrarily, BMD levels in the other three groups remained below normal throughout the observation period.

Throughout the observation period, the mean serum BALP level gradually increased in all groups except for the
control group and the RPT/ALN-PLGA-PEG group (Figure 6D). Notably, BALP levels in the RPT/ALN-PLGA-PEG
group were significantly higher than normal levels at 4 weeks post-treatment and subsequently decreased to normal levels
by 8 weeks post-treatment. In contrast, the control group demonstrated a gradual increase, reaching normal levels by
8 weeks post-treatment. Similarly, the mean serum P1NP levels exhibited a gradual increase in all groups except for the
control group and the RPT/ALN-PLGA-PEG group (Figure 6E). The PINP levels in the RPT/PLGA-PEG group were
significantly higher than the normal levels as early as 2 weeks post-treatment, and then decreased to normal levels by
8 weeks. Furthermore, a consistent downward trend was observed in the bone resorption markers (TRAP-5b and CTX-1)
in all groups except the control group (Figure 6F and G). Notably, the levels of these markers normalized within 2 weeks
of treatment in the RPT/ALN-PLGA-PEG group. However, the RPT and RPT/PLGA-PEG groups exhibited a gradual
decline toward normal levels over an extended observation period.

Histological Evaluation

The assessment of vertebral body destruction and repair was conducted at 4 and 8 weeks of treatment (Figure 7A and B).
At 4 weeks, the Control and RPT groups exhibited extensive spinal destruction areas, characterized by severe surround-
ing bone destruction and the presence of sinuses. Conversely, the RPT/PLGA-PEG group demonstrated a lower degree of
bone destruction and sinus formation. The bone affected area in the RPT/ALN-PLGA-PEG group was filled with well-
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Figure 5 The ALN-functionalized nanosystems demonstrate a dual regulatory capability by promoting the osteogenic differentiation of BMSCs while concurrently inhibiting
osteoclastogenesis in BMMs. Representative images of Alizarin Red and ALP staining for BMSCs, and TRAP staining for BMMs (scale bar = 50 um) (A). The Alizarin Red-
stained (B) and ALP-stained (C) areas of cells in each group were quantified using Image] software. Statistical analysis of TRAP-positive cell counts in TRAP-stained samples
(D). **P < 0.01 vs Control. Data are presented as mean % SD (n = 3). Western blotting analysis revealed that the ALN-functionalized nanosystems significantly enhanced the
expression levels of Collagen | (E) and Osteocalcin (F) in BMSCs. The ALN-functionalized nanosystems significantly inhibited the expression levels of NFATc| (G) and c-Fos
(H) in BMMs, as demonstrated by Western blotting analysis. *P < 0.05, **P < 0.01 vs Control. Data are presented as mean + SD (n = 3).

integrated osteoid and bone tissue, indicating a relatively low degree of bone destruction and successful defect repair. By
8 weeks post-treatment, the previously affected areas in the Control, RPT, and RPT/PLGA-PEG groups were predomi-
nantly occupied by prominent fibrous-like tissue. Conversely, in the RPT/ALN-PLGA-PEG group, the affected area was
entirely replaced by regenerated bone tissue.

The scores recorded for the RPT/ALN-PLGA-PEG group exhibited a statistically significant difference compared to
the other three groups at both 4 and 8 weeks post-treatment (Figure 7C). The RPT/ALN-PLGA-PEG group achieved the
highest score, whereas the control group exhibited the lowest score throughout the observation period. Additionally, the
scores of RPT and RPT/PLGA-PEG groups increased gradually over time.
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Discussion

Numerous studies have concentrated on the development of diverse nano-delivery systems for anti-TB drugs.
However, similar research on anti-TB nano-drug delivery systems generally encounters challenges, including low drug
delivery efficiency, insufficient concentration in target organs, and unconfirmed therapeutic efficacy.”® Furthermore,
strategies for mitigating bone destruction associated with TB remain to be fully investigated. In this study, ALN was used
as a bone-targeting ligand to develop an advanced drug delivery nanosystem (RPT/ALN-PLGA-PEG) specifically
designed to target bone tissue. This approach exhibits considerable potential for improving drug safety, prolonging
drug release duration, mitigating TB-induced bone destruction and facilitating bone tissue regeneration.

In this study, the ALN-PLGA-PEG conjugate was synthesized using the DCC/NHS technique, resulting in the stable
chemical conjugation of ALN to PLGA-PEG. Compared to physical adsorption, chemical coupling is a more effective
means of preventing premature detachment of ALN during in vivo circulation.’® The premix membrane emulsification
technique has been extensively used to synthesize nanoparticles with core-shell structures. The significant advantage of
this technology is its ability to precisely control the size and morphology of nanoparticles, thereby facilitating the
optimization of drug release properties. Compared to previous studies,”'*> RPT/ALN-PLGA-PEG nanosystems devel-
oped using this technology exhibit smaller particle sizes, more uniform particle size distributions, higher EEs, and

27,28

excellent storage stability.
The zeta potential of the RPT/ALN-PLGA-PEG nanosystem was measured to be —19.03 = 3.97 mV. A negative zeta

potential enhances the in vivo stability by reducing the non-specific adsorption of plasma proteins onto the surface of the
nanosystem, thereby minimizing recognition and clearance by the reticuloendothelial system (RES) in both the liver and
spleen, which ultimately prolongs systemic circulation time.>* Furthermore, the negative surface potential can mitigate
non-specific adsorption of nanoparticles in vivo, thereby contributing to improved bone-targeting efficiency.** Although
the drug loading capacity of 6—7% is relatively low compared to some polymer-based nanosystems, the ALN-conjugated
bone-targeting specificity allows even minimal doses of nanoparticles to achieve therapeutically effective concentrations
in bone tissue. In vivo biodistribution studies indicate that the RPT/ALN-PLGA-PEG formulation attains bone drug
concentrations more than 3-fold higher than those observed in the non-targeted group. Furthermore, in vitro release
experiments demonstrated sustained drug release over a period of 72 hours, thereby fulfilling the requirements for long-
acting treatment. Future research will focus on refining the preparation process, particularly the optimization of the drug-
to-carrier ratio, to further enhance loading capacity.

One of the critical factors determining the suitability of nanosystems as drug delivery carriers is their ability to
efficiently penetrate target cells.>> Our results demonstrate that both types of developed nanosystems are efficiently
internalized by mononuclear macrophages, which are prevalent at TB infection sites, thereby facilitating passive targeting

International Journal of Nanomedicine 2025:20 https: 14405



Wang et al

: 4

% & TR E D T Gl
RPT/PLGA-PEG

Control RPT RPT/PLGA-PEG RPT/ALN-PLGA-PEG
C Control
mm RPT
mm RPT/PLGA-PEG
151 mm RPT/ALN-PLGA-PEG

Nilsson histological scores

Time (weeks)

Figure 7 The RPT/ALN-PLGA-PEG nanosystems have demonstrated significant efficacy in the repair of vertebral body destruction. Macroscopic observations indicate that
the RPT/ALN-PLGA-PEG group exhibits mild bone destruction, accompanied by effective repair at both 4 and 8 weeks (A). Histological examination via HE staining reveals
complete replacement of the affected area with regenerated bone tissue in this group at 4 and 8 weeks (scale bar = 200 um) (B). The area delineated by the black box in the
image corresponds to the region of spinal destruction. The RPT/ALN-PLGA-PEG group achieved the highest scores compared to other groups at both time points of 4 and
8 weeks (C). **P < 0.01 vs Control; ##P < 0.01 vs RPT; MP < 0.01 vs RPT/PLGA-PEG; VP < 0.05, YVP < 0.0 vs 4 weeks. Data are presented as mean + SD (n = 6).

14406 hitpsi/doiorgl102147/N.5478893 International Journal of Nanomedicine 2025:20



Wang et al

of the drug to lesion tissues. However, the systemic administration of nanosized drugs has led to unexpected side
effects.*®*” A bone-targeting nanosystem could provide a viable solution to this challenge by reducing adverse off-target
effects and improving therapeutic efficacy, specifically for bone tissue.***!

The high affinity of the diphosphate structure in ALN for bone minerals significantly improved the bone-targeting
efficiency of nanosystems, resulting in a 3—5-fold increase in drug concentration within bone tissue.**** Tissue drug
distribution experiments and IVIS revealed that RPT/ALN-PLGA-PEG nanosystems exhibited higher accumulation in
bone tissues, indicating that ALN is pivotal for modulating drug distribution. Additionally, nanosystems were detected in
various organs, notably the liver and kidneys, which may be due to the blood circulation in these organs facilitating
nanoparticle deposition.>® This study substantiates the dual-targeting properties of the developed drug delivery system,
including active and passive targeting mechanisms.

In terms of antibacterial efficacy, this study demonstrated that both RPT-loaded nanosystems exhibited significant
advantages over free drug after 4 weeks. These findings imply that nanosystems can effectively suppress Mycobacterium
tuberculosis infection for an extended duration. Numerous studies have demonstrated that the in vitro antibacterial
efficacy of nano-formulations generally surpasses that of free drugs. This phenomenon can be ascribed to the ability of
nanostructures with controlled drug release to gradually undermine the resistance of the bacterial membrane over time,
thereby increasing bacterial mortality rates.** Furthermore, the high specific surface area of nanosystems contributes to
their improved capacity to penetrate the cell walls of Mycobacterium tuberculosis, representing another key factor that
enhances antibacterial performance.*’

Nanocarriers represent a promising approach for improving drug safety by significantly increasing drug accumulation
efficiency at target sites through targeted delivery mechanisms while concurrently minimizing non-specific distribution
and associated toxicity.***” A recent study demonstrated that bisphosphonate promotes the osteogenic differentiation of
BMSCs in a concentration-dependent manner.*® However, it inhibits osteoblast proliferation and differentiation at high
concentrations due to its cytotoxic effects.*” This study demonstrated that nanotechnology can effectively reduce the
cytotoxicity associated with ALN and RPT. RPT/ALN-PLGA-PEG nanosystems, at a low concentration (3 pg/mL of
ALN), promoted the osteogenic differentiation of BMSCs and inhibited osteoclast activity. These findings are consistent
with several previous studies and provide critical evidence supporting the application of nanotechnology in the treatment
of osteoarticular TB.*!

The rabbit spinal TB model is widely recognized as the most effective for evaluating the efficacy of drugs against
osteoarticular TB.”* >* In this study, this model was used to validate the synergistic effects of RPT and ALN in the RPT/
ALN-PLGA-PEG nanosystems for treating spinal TB. ESR and CRP are critical biomarkers for assessing inflammation
and stress responses in TB.>>*° Continuous monitoring of ESR and CRP levels demonstrated that the levels in the RPT/
ALN-PLGA-PEG group rapidly normalized, exhibiting a significantly greater improvement compared to the RPT/PLGA-
PEG group, which declined gradually. These findings demonstrate that the RPT/ALN-PLGA-PEG nanosystems exhibits
improved anti-inflammatory and antibacterial properties. The observed differences may be closely associated with the
drug release characteristics of the nanocarriers and the bone-targeting effect of ALN, which significantly enhances drug
accumulation at the infection site.”’

To the best of our knowledge, this is the first study to use serum bone turnover markers (BTMs) to assess bone
destruction and remodeling associated with bone TB.”® BTMs serve as indicators of osteoblastic and osteoclastic activity.
Osteoid synthesis by osteoblasts is characterized by BALP and PINP production. The production of CTX-1 degradation
fragments and the release of TRACP-5b indicate enzymatic digestion and removal of the bone organic matrix.’® Our
study demonstrated that after 2 weeks of RPT/ALN-PLGA-PEG treatment, CTX-I and TRACP-5b levels normalized,
indicating significant inhibition of osteoclast activity and reduction in bone destruction. Simultaneously, PINP levels
increased significantly, surpassing the normal range, indicating enhanced osteoblast activity. By the fourth week, the
BALP level also increased significantly beyond the normal range, indicating the mineralization phase of bone formation.
Interpreting these discrepancies remains challenging; however, alterations in serum BTMs may manifest on different
temporal scales than those in osteoblast and osteoclast activity or gene expression.®® During the first week of treatment
with RPT/ALN-PLGA-PEG, the BMD level was significantly elevated compared to the other groups and approached
normal levels. This observation demonstrates that bone destruction associated with bone TB was effectively mitigated.
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Previous studies have demonstrated that ALN prevents bone destruction by modulating osteoclast formation and
function, as well as inhibiting bone resorption.®!

Histological observations and NHS results demonstrated that bone destruction was repaired more effectively in the
RPT/ALN-PLGA-PEG group than in the other three groups. This advantage can be ascribed to its unique dual
mechanism of action. First, ALN, a bone-targeting drug ligand, significantly increases the local drug concentration
within bone tissue.®? Nevertheless, non-targeted drugs cannot penetrate the bone tissue, resulting in suboptimal local drug
concentrations at the lesion site. This deficiency leads to abnormal secretion of growth factors, chemokines, and
inflammatory factors, which adversely affect the migratory activity and osteogenic differentiation potential of
BMSCs.®*%* Moreover, the persistent presence of inflammatory cells directly suppresses the ALP activity of BMSCs
and mineralization-related gene expression through the secretion of inflammatory factors.®® This inhibition hinders bone
matrix synthesis, ultimately leading to the replacement of the bone defect area with fibrous connective tissue rather than
complete bone regeneration. Second, analysis of serum BTMs and BMD assessment demonstrated that ALN in this
formulation specifically inhibited osteoclast activity, significantly reduced bone destruction associated with bone TB, and
facilitated the systematic repair of bone tissue by providing favorable conditions.

However, this study has several limitations. First, the rabbit model of spinal tuberculosis exhibited inconsistent lesion
severity, which may have contributed to inter-individual variability in therapeutic responses. Second, the molecular
mechanisms underlying the RPT/ALN-PLGA-PEG nanosystem’s promotion of bone tissue regeneration remain incom-
pletely elucidated. In particular, the regulatory roles of inflammation-related signaling pathways, such as nuclear factor
kappa B (NF-kB) and RANKL, in maintaining the dynamic balance between bone resorption and bone formation warrant
further investigation. Furthermore, the long-term efficacy and safety profile of this therapeutic strategy require validation
through more comprehensive and systematic studies.

Conclusion

In conclusion, the bone-targeted nanosystems developed in this study via the premix membrane emulsification technique
exhibited excellent quality, characterized by small and uniformly distributed particle sizes, smooth surface morphology,
and excellent storage stability. This nanosystem demonstrates significant multifaceted advantages in the treatment of
osteoarticular TB, including precise drug delivery facilitated by the bone-targeting properties of ALN, sustained and
potent antibacterial efficacy attributed to the characteristics of the nanosystem, and mitigation of bone destruction
coupled with promotion of bone repair through inhibition of osteoclast activity. Furthermore, this study validated the
synergistic effects of RPT and ALN in the RPT/ALN-PLGA-PEG nanosystems for treating osteoarticular TB. These
findings indicate that the RPT/ALN-PLGA-PEG bone-targeted nanosystems is a promising therapeutic strategy with
significant potential for clinical application in treating osteoarticular TB and promoting bone health.
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