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INTRODUCTION: Osteoarthritis (OA) is a painful joint disease with no known cure that affects over 600 million people globally and has an 
annual socioeconomic burden of around $200 billion in the United States. While OA is primarily marked by cartilage degradation, growing evidence 
points to inflammation in the synovium as a key driver of disease progression and pain. This inflammation is usually associated with the influx and 
activation of immune cells, particularly macrophages, which are known to secrete pro-inflammatory and catabolic mediators that exacerbate joint 
deterioration. Moreover, upon activation, macrophages strongly express folate receptor β (FR-β), making selective targeting of macrophages a 
potential therapeutic strategy to improve disease outcomes of OA. Bisphosphonates (BPs) are a class of drugs known for their high macrophage 
affinity and chondroprotective benefits. However, at elevated doses, BPs prove to be cytotoxic. Moreover, being hydrophilic and anionic, BPs often 
suffer rapid joint clearance, limiting their clinical application. Additionally, intra-articular delivery of BPs often results in off-target delivery to 
bone, as BPs exhibit a strong affinity for bone. To overcome these limitations, we have developed a novel drug delivery system, called nanoparticles 
in microparticles (NiM) for OA therapy. This formulation can effectively target FR-β macrophages and sustainably deliver zoledronate (Zol), a 
potent third-generation BP having anti-inflammatory properties to modulate inflammation while minimizing cytotoxicity. 
 
METHODS: Zol was complexed to calcium to form nanoparticles (CaZol-NP) via a reverse emulsification technique. CaZol-NiM was achieved 
by loading CaZol-NP into polymeric microparticles (MP) synthesized from polyethylene glycol-polylactic-co-glycolic acid (PEG-PLGA; Sigma 
Aldrich) via coaxial flow phase separation technique. Electron and fluorescent microscopy were used to characterize the size of CaZol-NP and NiM 
as well as confirm the successful loading of CaZol-NP in the core of microparticles. Additionally, the amount of Zol in CaZol-NP and NiM, 
including Zol released from the particles at predetermined time intervals under neutral and acidic pH conditions (7.4 and 5.0, 5mM PBS) were 
studied at 215nm spectrophotometrically. A targeted system, NiM-FA, was synthesized using folic acid (FA) conjugated PEG-PLGA polymer. 
RAW 264.7 macrophage cells (ATCC) were activated with lipopolysaccharides (LPS, Invitrogen) for 4 hours before being cultured with NIM-FA 
for 4 hours to study their uptake and lysosomal location by confocal imaging flow cytometry. NF-κB suppression was used to assess NiM-FA's 
influence on LPS-induced inflammation. Cytotoxicity of CaZol-NP and NiM was studied by MTT. A non-surgical mouse model of OA was 
established by rupturing the anterior cruciate ligament (ACL) of the knee joint through 60 cycles of 12 N axial compressive load using an Instron 
5966 machine, and the macrophage infiltration in the joint was confirmed by flow cytometry. 
 
 

RESULTS: CaZol-NP and NiM were of sizes of 63.5 ± 17 nm and 6.9 ± 2 μm, respectively, with encapsulated Zol at efficiencies of ~45% and 
~56% (Fig. 1A, B). Successful loading of CaZol-NP in microparticles was confirmed by visualizing the presence of DiD-labelled CaZol-NP (red) 
in coumarin-6 stained microparticles (green), (Fig. 1 B). Both formulations showed pH-sensitive Zol release, although CaZol-NiM exhibited 
minimal burst release with ~60% drug release over 5 days at acidic pH (Fig. 1C). It was further revealed by confocal imaging that nanoparticles 
uptake was lower when delivered via NiM than as free CaZol-NP (Fig.1D). NiM-FA, synthesized from folic acid conjugated polymer allowed 
targeted delivery to activated macrophages, and both the released CaZol-NP and NiM-FA colocalized with lysosomes upon uptake, leading to 
orange coloration (Fig 1D). Cell viability in NiM-FA treated samples was significantly higher than the cells treated with CaZol-NP (Fig 1E). 
Treating inflammatory cells with NiM-FA for 24 hours allowed us to modulate inflammation by inhibiting NF-κB nuclear translocation from ~86% 
to ~42% (Fig 1F). Lastly, macrophages in the joints of the OA mouse model were identified and confirmed to strongly co-express FR-β. (Fig 1G). 
 
 

DISCUSSION: Overall, we have developed a novel pH-responsive delivery system that enables high drug loading and sustained release of Zol, 
effectively targeting macrophages to modulate inflammation with minimal cytotoxicity. These unique characteristics can allow for spatially targeted 
delivery only under acidic conditions while minimizing release at physiological pH, thus reducing the risk of side effects of Zol on surrounding 
tissues. Our in-vitro demonstration of receptor-mediated NiM-FA uptake, combined with confirmation of FR-β expressing macrophages in the 
joints of the OA mouse model, supports NiM-FA's potential for targeted macrophage therapy for OA and other macrophage driven inflammatory 
diseases. Thus, ongoing studies are now evaluating the efficacy of intra-articular NiM-FA delivery in mice for OA therapy. 
 
CLINICAL RELEVANCE: The prospect of NiM-FA in fostering sustained and targeted delivery holds great promise for intra-articular delivery, 
as delivering Zol via NiM could improve Zol’s joint residence time and therapeutic efficacy without the need for repeated injections and high doses. 
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Figure1: (A) Size characterization of CaZol 
NPs by TEM. (B) Size characterization of 
CaZol NiM and confirmation of DiD label 
CaZol NPs(red) in coumarin-6 label PEG-
PLGA microparticles(green) by fluorescent 
microscopy and TEM. (C) pH-responsive 
release of Zol from CaZol NP and NiM.  
(D) Confocal imaging of CaZol NPs, NiM, 
and targeted NiM-FA uptake and lysosomal 
localization. (E) Dose dependent toxicity 
studies of CaZol NP and NiM by MTT.  
(F) NF-κB inhibition by NiM-FA evaluated 
by confocal imaging (upper panel) and flow 
cytometry (lower panel). 
(G) FR-β expression by macrophages in 
mice model of OA by flow cytometry 
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