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Abstract 

 

 

 

 
This study focuses on intra-articular (IA) drug delivery system for the treatment of knee 

osteoarthritis (OA). In osteoarthritic condition the synovial fluid presents pockets with lower 

pH environment. To take advantage of these pH differences, poly(lactic-co-glycolic acid 

(PLGA) nanoparticles (NPs) and pH– responsive PLGA NPs encapsulated with ammonium 

bicarbonate (NH4HCO3) were generated. The nanoparticles were loaded with hyaluronic acid 

(HA) as a possible model drug for OA and with near-infrared dye (NIR) that was used to 

visualize the NPs with molecular imaging techniques. These NPs were characterized by 

dynamic light scattering, transmission electron microscopy and compared in in vitro, in vivo 

and ex vivo experiments in the treatment of OA. The results indicate that the NPs were 

sufficiently small, displayed a uniform size distribution and were non-toxic both in vitro and 

in vivo. Both NPs treatment seem to induced a reduction in OA progression, with pH- 

responsive NPs showing the more pronounced effect. This is probably because the pockets of 

low pH environment in the synovial fluid trigger a burst release of the pH-responsive NPs. 

This result is corroborated by in vitro experiments since the pH- responsive NPs showed an 

extracellular burst release behavior and higher chondrocyte vitality than non-responsive NPs. 

This study demonstrates that PLGA NPs containing HA and NH4HCO3 are candidates for the 

treatment of knee OA. 

 

 

 

 
 
 

 
 

 

 

 

 
 
Keywords: pH-sensitive nanoparticles, PLGA, hyaluronic acid, drug delivery, intra-articular 

injection, molecular imaging. 
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Introduction 

 

 
Osteoarthritis (OA) is the most prevalent degenerative joint disorder and affects 

mainly the knee, the hip and the small joints in the hand [1]. It is characterized by the 

degeneration of articular cartilage, subchondral bone sclerosis, osteophyte formation, 

synovial inflammation and hypertrophy of the joint capsule [2,3]. The pathological changes 

in these tissues lead to progressive functional limitations, chronic pain with reduced quality 

of life and, ultimately, joint failure [4]. Currently there is no cure for OA. General guidelines 

for the management of OA, before the final stage, which involves the joint replacement, are 

divided according to the OA stage classification [5]. In an initial stage, there is a focus on 

non-pharmacological and non-surgical measures involving specific physical exercises and 

body weight control/loss. With the augmentation of patient pain, the initial stage treatment is 

supplemented with drug administration. Pharmacological treatments are mainly palliative 

targeting pain reduction in early stage of OA. The most common drugs used are 

acetaminophen, non-steroidal anti-inflammatory drugs, tramadol, intra-articular injection of 

corticosteroid and hyaluronic acid (HA), i.e., viscosupplementation [6,7].  

In OA joints the HA present in synovial fluid is degraded by reactive oxygen species 

(ROS) inducing lower concentration of HA causing lower viscosity and reduced shock 

protection [8–10]. Artificially increasing the HA concentration helps patients to restore the 

viscoelasticity of the synovial fluid (SF) and relieves pain [11,13]. HA has also been 

suggested to induce biological changes such as moderation of inflammation, reduction of 

cytokine-induced enzyme production, anti-oxidant action, anabolizing effect on cartilage, and 

direct analgesia by masking the joint nociceptors [14,15]. CD44 is the primary receptor for 

HA. HA-CD44 interaction is essential for the normal homeostasis of the cartilage [16,17], 

since it can modulate cartilage metabolism and promote matrix remodeling of the cartilage 

[18,19]. There is an ongoing database on the effects of HA in OA, in a review on the subject, 

Rutjes et al. [20] concluded that there is a small and clinically irrelevant benefit while Santilli 

et al. [21] and Maheu et al. [22] concluded that intra-articular injection of HA results in long-

lasting improvements in function, including the potential to avoid a joint prosthetic implant 

and pain reduction. Additionally, repeated intra-articular injections of HA have been shown 

to relief pain and improve joint function with the effects persisting for up to 26 weeks [23]. 

However, the rapid clearance from the joint by the synovium requires frequent intra-articular 

injections, which may result in complications, such as infections [24].  
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There is a growing interest in the modernization of OA therapeutics to improve 

treatment efficacy. As a response, there has been significant developments, particularly 

through targeted therapeutics, such as nanoparticles (NPs) therapeutics [25,26]. NPs are 

nanoscale vectors made of biocompatible and biodegradable polymers enclosing small 

therapeutic entities (small-molecule drugs) with high potential for targeted therapy. NPs are 

typically stable over extended periods, and can be loaded with both hydrophilic and 

hydrophobic compounds. The payload release can be controlled and actively targeted to 

specific cells, organs or tissues [27]. Poly lactic-co-glycolic acid (PLGA) is one of the most 

commonly used co-polymers in drug delivery. The polymers used to form PLGA, lactide and 

glycolide, are endogenous and metabolized by enzymes in the Krebs cycle [28]. Moreover, 

PLGA is FDA approved [29] and can be readily used in clinical applications. Another 

advantage of using NPs is the possibility to co-load the desired drugs with fluorescent dye. 

This dye functions as a probe and allows the researchers to trace and infer NPs therapeutics 

efficiency through molecular imaging. These probes are small molecules that typically have a 

molecular weight of a few hundred Da, they are non-toxic and can be tissue specific.  OA 

treatment can benefit from intra-articular injection of nanomaterials, for example, through 

controlled drug release in vivo and high efficiency at low concentrations with the aim to 

inhibit progression of cartilage damage [30,31]. Indeed, Zille et al. [25] in an in vivo study 

showed that intra-articular injections of PLGA NPs covered with HA are safe for drug 

delivery in OA since they found no tissue function modifications not inflammatory response 

between treatment and control rats that were subjected to NPs injection.  

The objectives of this work were twofold, i.e. first to investigate the effect of pH on 

NPs therapy, and second to study the effect of HA-loaded NPs on OA in the knee. NH4HCO3 

was chosen to be co-loaded into the NPs because previous studies showed that in different 

areas of the synovial cavity there is a decrease of the synovial fluid pH [32], it is however 

unclear the extent of these areas in the synovial fluid. Nevertheless, this can be used to 

enhance drug effectiveness, since the porous surface of PLGA NPs permits the entrance of 

small molecules like H2O and H3O+. The high concentration of hydronium ions (H3O+), 

present at low pH, react with NH4HCO3 loaded in the NPs, inducing a pH neutralization with 

the production of NH4 
+, CO2 and H2O. This conversion results in the breakdown of the NPs 

shell, causing a burst release. Liu and colleagues [33] used a similar method to successfully 

generate pH-response PLGA NPs for the treatment of intracellular infectious diseases and 

virus infection, showing that this method may be effective in vaccine delivery. 
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2. Materials and Methods   

 

 

2.1. Materials 
  
PLGA (Resomer RG 502 H, lactide:glycolide molar ratio 48:52 to 52:48) was purchased 

from Boehringer Ingelheim (Germany). Polyvinyl alcohol (PVA) (87-89 % hydrolyzed, 

typical MW 13.000-23.000), Hyaluronic acid sodium salt (HA) Mw 750,000-1,000,000 and 

ammonium bicarbonate (NH4HCO3) (AB) were purchased from Sigma Aldrich (Stenheim, 

Germany). The solvent for PLGA NPs preparation dichloromethane (DCM), was purchased 

from Sigma Aldrich (Stenheim, Germany). The NPs were all loaded with NIR dye (IR-780 

Iodide) purchased from Sigma-Aldrich (Zwijndrecht, The Netherlands). The in vitro studies 

were performed using The CellTiter 96® AQueous One Solution Cell Proliferation Assay 

Promega, Dulbecco's Modified Eagles Medium ThermoFisher SCIENTIFIC, To-pro 3 iodide 

(642/661) Invitrogen (Eugene, USA). 

 

 

2.2. Rational design of NPs 

 

The pH- responsive PLGA NPs AB experimental design is illustrated in Figure 1. NPs were 

synthesized by the emulsion-solvent evaporation method and loaded with NIR dye, HA and 

NH4HCO3. HA was used as model drug for OA and NH4HCO3 was used to induce the burst 

release of pH-response PLGA NPs AB. NIR allows the traceability of the NPs by optical 

imaging. NPs were injected intra-articularly in mice 3 weeks after surgery for the 

destabilization of medial meniscus (DMM). The molecules of H3O+, present in pockets of the 

SF with low pH, penetrate the porous shell of PLGA NPs and react with NH4HCO3 

generating NH4 
+, CO2 and H2O inducing the NPs shell collapse releasing the entrapped HA. 

 

 

 

 

 

Fig. 1. Schematic illustration of the methodology used to generate pH-responsive PLGA NPs 

(AB). NPs were encapsulated with NIR dye for optical imaging purposes, Hyaluronic acid, 

used as model drug for OA, and NH4HCO3, used to induce the burst release of pH-response 

PLGA NPs AB.  
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 2.3. Preparation of control PLGA NPs 

 
Control PLGA NPs, from here onwards referred to as PLGA NPs, were prepared by single 

emulsion-solvent evaporation method to reduce the particle size to submicron size range. The 

polymers PLGA and NIR (IR-780 Iodide) were dissolved in DCM and emulsified in water 

phase containing an emulsifying agent PVA 0.5%. The emulsion was continuously stirred at 

24.000 rpm using a mechanical stirring system (ULTRA-TURRAX T25, IKA, Staufen, 

Germany) until the organic solvent partitioned into the aqueous phase and then evaporated. 

The emulsion formed was stirred under magnetic stirring (IKA® RCT basic IKAMAG™, 

Germany) for more than 20 min to completely evaporate the solvent. The suspension formed 

contained polydisperse NPs. The NPs were washed four times with MilliQ water to remove 

excess of PVA that could interfere with the morphology and the toxicity of the NPs. The NPs 

were washed by centrifugation at 14.000 rpm, 4°C for 30 min. The resulting pellet containing 

the NPs was re-suspended in MilliQ water and lyophilized.  

For the preparation of PLGA NPs loaded with Fluorescein isothiocyanate (FITC) dye, a 

similar protocol as the one described above for the NIR dye was used with the exception that 

0.5 mg of FITC dye were initially dissolved in MilliQ water. 

 
2.4. Preparation of PLGA NPs with and without ammonium bicarbonate containing 

hyaluronic acid 

 

To test NPs response to environment pH, two types of NPs were generated, (1) not pH-

responsive NPs, containing HA, from here onwards referred to as PLGA NPs A, and (2) pH-

responsive NPs containing HA and NH4HCO3, from here onwards referred to as PLGA NPs 

AB. Both NPs were generated with double emulsion-solvent evaporation method, water-oil-

water. The oil phase containing the PLGA and NIR was added drop-by-drop to the first water 

phase containing HA and NH4HCO3 dissolved in MilliQ water. The emulsion was 

mechanical stirred for five minutes with Ultra- Turrax (IKA, Staufen, Germany). The water 

to oil emulsion formed was then added drop-by-drop to the second water phase containing 
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PVA 0.5% as emulsifying agent. The water-oil-water emulsion was continuously stirred at 

24.000 rpm for 20 min with an Ultra-Turrax until the organic solvent was partitioned into the 

aqueous phase and then evaporated. The suspended NPs formed were magnetically stirred 

(IKA® RCT basic IKAMAG™, Germany) for 20 min at moderate speed to ensure the 

complete evaporation of the solvent. The suspension formed, containing polydisperse NPs, 

was separated by ultracentrifugation at the speed of 14.000 rpm for 30 min at 4 °C. The NPs 

were washed four times with MilliQ water to remove any excess of PVA. NPs were re-

suspended in MillQ water and lyophilized. For the preparation of PLGA NPs A and PLGA 

NPs AB loaded with FITC dye, a similar protocol as the one described above for the NIR dye 

was used with the exception that 0.5 mg of FITC dye were initially dissolved in of MilliQ 

water. 

 

2.5. Encapsulation Efficiency Analysis of NIR dye 

 

In order to determine encapsulating efficiency (EE) and loading content of the Near infrared 

dye (NIR), the lyophilized NPs were first dissolved in 0.8 M NaOH. Separately, 5 mg of 

PLGA NPs, PLGA NPs A and PLGA NPs AB were dissolved in 0.5 mL 0.8 M NaOH 

solution overnight at 37 °C. Afterwards, the solutions of all the NPs were centrifuge at 

12.000 rpm for 20 min at room temperature and the supernatants were collected. The dye 

content was then measured using Odyssey Infrared Imager 9120 (LI-COR) scanner with an 

800 nm scan. NIR dye encapsulation efficiency was calculated using the following formula, 

previously described in [34]:  

 

                 
                             

                                   
                       (1)           

 

Amount of drug in formulation is the amount of NIR loaded in the NPs, measured with 

Odyssey Infrared Imager, while the amount of drug used for formulation is the amount of 

NIR dye added in the preparation of NPs. 

 

2.6. Encapsulation Efficiency Analysis of FITC dye 

 

For the quantification of Fluorescein isothiocyanate (FITC) dye, 5 mg of dry NPs were 

dissolved in 0.8 M NaOH, as above described.  The separate solutions contained PLGA NPs, 
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PLGA NPs A and PLGA NPs AB, were centrifugated at 12.000 rpm for 20 min at room 

temperature and the supernatants were collected. The FITC dye content was then measured 

with Amersham Biosciences ultrospec 2100 pro, UV/Vis Spectrophotometer. The amount of 

FITC dye was calculated by the slope of the standard curve obtained by the linear regression 

for FITC concentration. 

 
2.7. Quantification of HA loading 

 

HA loading into NPs was quantified by cetyltrimethylammonium bromide turbidimetric 

assay (CTAB-method). CTAB is a cationic surfactant that precipitates polyanionic HA. The 

amounts of HA loaded into the PLGA NPs A and PLGA NPs AB were quantified after 

hydrolyzing 5 mg of the NPs in 0.5 mL 0.8 M NaOH solution overnight at 37 °C. The CTAB 

method was described elsewhere, Oueslati et al. [35]. Briefly, CTAB was dissolved in 100 

mL of 2 %  NaOH; 50 µL of HA standard solution and the supernatant of PLGA NPs A and 

PLGA NPs AB, were added into a 96 well plate previously filled with 50 µL of 0.1 M 

phosphate buffer at pH 7 and incubated for 15 min at 37 °C. Then, 100 µL of CTAB reagent 

were added to each well and the plate was incubated for 10 min at 37 °C. Absorbance was 

read at 600 nm with Molecular Devices VERSAmax Tunable Microplate Reader (Software 

used SoftMAX Pro v5.4.1). The amount of HA was calculated by the slope of the standard 

curve obtained by the linear regression for HA concentration.  

 

 

2.8. Physicochemical characterization of NPs   

 

2.8.1. Particles size and charge surface 

 

The average size and polydispersity index (PDI) of the NPs were determined by Dynamic 

Light Scattering (DLS) (Zetasizer Nano S90, Malvern Instruments, Worcestershire, UK). NPs 

were dissolved in MilliQ water and measured at 25 °C at 90° angle. The values presented are 

averages and standard deviations of triplicated measurements. The stability and aggregation 

in NPs dispersion was determined by Zeta potential (Zetasizer Nano S90, Malvern 

Instruments, Worcestershire, UK) (Table 1). 

 

2.8.2. Particles surface and morphology 
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Surface morphology and size of optimized PLGA NPs AB was studied with atomic force 

microscopy (AFM). PLGA NPs AB were first diluted and dispersed in MilliQ water. Then a 

drop of the suspension was placed on a clean glass surface glued to the AFM stub and air 

dried for one hour. The dried NPs were then visualized with AFM (JPK Nano Wizard 3) in 

AC mode (tapping mode) using OMCL-AC160TS silicon probes (Olympus, City, Country) 

with nominal resonance frequency of 300 kHz and nominal spring constant of 26N/m. The 

images were analyzed using Gwyddion SPM Software (Supported by Department of 

Nanometrology, Czech Metrology Institute (Brno, CZ)). The 2D visualization was performed 

in JPK Data Processing Software, JPK Instruments, Berlin (DE) and the images were then 

converted to 3D using Gwyddion, Open Source SPM Data Analysis Software. 

To visualize and characterize particle size, size distribution and morphology of all the NPs, 

transmission electron microscopy was used. A formvar support film attached to a copper grid 

(100 mesh) was coated with carbon and hydrophilized by glow-discharging for 30 s with a 

current of 25 mA. A droplet of 3 µL of the particle solution was applied to the grid for 1 min 

after which the excess suspension was removed by blotting. The grid was then stained for 1 

min in distilled water containing 2.3% uranyl acetate, after which, excess staining solution 

was removed by blotting. Subsequently, the grid was air-dried and imaged in a Tecnai 12 

Biotwin transmission electron microscope (FEI, the Netherlands), equipped with a LaB6 

filament operated at 120 keV. The sample was imaged at 3 m under focus with binning 2 on 

a 4kx4k Eagle CCD camera with a magnification of 18,500x.  

 

2.9. Release characterization  

 

2.9.1. Quantification of HA released from PLGA NPs A and PLGA NPs AB 

 

The HA released from PLGA NPs A and PLGA NPs AB were quantified by 

cetyltrimethylammonium bromide turbidimetric assay (CTAB). Five mg of freeze-dried NPs, 

were resuspended in 5 mL saline phosphate buffer at pH 7.4 and pH 5.0 at 25/26 °C under 

mild agitation. After 20 min of centrifugation at 12.000 rpm, 150 µL of the supernatant were 

collected and replaced with fresh 150 µL of PBS with the respective pH (7.4 and 5.0). This 

procedure was performed at different time points: 1, 2, 3, 4, 5, 8 and 10 days.  

 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

10 
 

 

2.9.2. 30 days release study at different pH of NIR dye  

 

The release study of NIR dye at different pH’s was performed with 5 mg of freeze-dried NPs. 

The NPs were resuspended in 5 mL saline phosphate buffer at pH 7.4 and pH 5.0 at 25/26 °C 

under mild agitation. After 20 min of centrifugation at 12.000 rpm, 150 µL of the supernatant 

was collected and replaced by 150 µL of fresh PBS with the respective pH (7.4 and 5.0). This 

procedure was performed at different time points: 1, 2, 7, 15, 20, 23, 26 and 30 days. The 

NPs released and present in the supernatant were quantified by Odyssey™ scanner using the 

800 nm channel for visualization of NIR dye.  

 

2.9.3. 20 days release study in synovial fluid of NIR dye 

 

For each of the NPs (PLGA NPs, PLGA NPs A, PLGA NPs AB), the release study of NIR 

dye was performed in human synovial fluid (SF) and measured at 8 time points, 1, 2, 5, 7, 9, 

11, 15 and 20 days. The synovial fluid was obtained from anonymous patients that were 

subjected to knee replacement surgery at the Department of Orthopedic Surgery in Leiden 

University Medical Centrum. For this study, 0.5 mg of freeze-dry NPs were dissolved in 75 

µL of SF and kept under mild agitation at 25/26 °C. At each time point, the solutions (NPs 

dissolved in the SF) were centrifuged for 20 min at 12.000 rpm at 4 °C, after which, 50 µL of 

the supernatant were collected and replaced by 50 µL of fresh SF. The supernatant NPs were 

quantified by Odyssey™ scanner using the 800 nm channel for visualization of NIR dye.  

 

 

2.9.4. 24 hours release study at pH 7.4 and 5 of NIR dye  

 

To visualize the initial release of NIR dye, 20 µg of NPs were dissolved in PBS at pH 7.4 and 

5.0 and, incubated for 24 h at 37 °C in a culture slide (Chamber Polystyrene Vessel Tissue 

Culture Treated Glass Slide, FALCON). After the incubation, PBS solutions (pH 7.4 and 5.0) 

were removed from the chambers, coverslips were mounted using Acqua Poly/Mount 

(Polysciences) and examined by fluorescence microscopy. The wells containing the NPs were 

examined with a Leica DM5500 B fluorescence microscope (the filter settings were TXR, 

Cy7, FITC and DAPI) equipped with a Leica DFC365 FX digital camera. Digital images 

were acquired and stored using Leica Application Suite X (LAS X) software. 
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2.10. In vitro experiment 
 

2.10.1. Cell culture  
 

 Human chondrocyte cell line C28/I2 were kindly donated from M. Goldring. The cells were 

cultured in 75 cm flasks in 1:1 Dulbecco's Modified Eagles Medium (DMEM) /F12 medium 

(Gibco Cell Culture Medium, ThermoFisher Scientific) with 10% (v/v) fetal calf serum (FCS; 

Life technology) at 37˚C, atmosphere of 95% air and 5% CO2. Every 48 h the medium was 

changed. The cells were sub-cultured for experiments after growing to approximately 80–

90% confluence [36,37]. 

 

2.10.2. Cell metabolic assay (MTS) 

 

Effects of NPs and free HA on cell behavior were investigated using human chondrocytes 

cell line C28/I2.  The MTS assay was performed using 5x104 cells/well in 96 well plates. 

After 24 h incubation at 37 ˚C the NPs suspensions were added to the cells at different 

concentrations: 10, 20, 40 and 60 µg/mL. The free HA was added at the concentration 

standardized to the encapsulation efficiency relative to the respective PLGA NPs AB 

concentrations. The cellular metabolic activity was studied over incubation periods of 24, 48 

and 72 h. To establish a positive cytotoxicity control, cells were treated with 50% DMSO. 

Non-treated cells were used as negative control. Subsequently, 20 µL of [3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) 

(Promega, The Netherlands) were added to each well and incubated for 1 h at 37 °C. The 

absorbance was measured with a spectrophotometer at λex 590 nm (Molecular Devices 

VERSAmax Tunable Microplate Reader, LUMC). The assay was assessed according to 

manufacturer’s instructions. The cell’s metabolic activity in each condition was expressed as 

increased percentage in relation to untreated controls. 

 

2.11. NPs Up-take studies   

 

2.11.1.  Up-take studies of NPs and characterization by flow cytometry  
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The C28/I2 cells were seeded in 96 well cell culture microplate (Greiner Bio-One B.V., The 

Netherlands) (2.5x104 cells/well) incubated with 40 µg/mL of PLGA NPs, PLGA NPs A, 

PLGA NPs AB, for 1, 2, 4, and 24 h. All the NPs were incapsulated with FITC dye.  After 

incubation, the cells were washed twice with FACS buffer (PBS with 0.5 % BSA and 0.02 % 

sodium). All flow cytometric analyses were carried out on samples suspended in FACS 

buffer and FITC panel was used for the analysis on a BD LSR-II flow cytometer.  

 

 

2.11.2. Up-take studies of NPs and characterization by Odyssey Infrared Imaging System  

 

The C28/I2 cells were seeded in 96 well cell culture microplate (Greiner Bio-One B.V., The 

Netherlands) (2.5x104 cells/well) incubated with 40 µg/mL of PLGA NPs, PLGA NPs A, 

PLGA NPs AB, for 1, 2, 4, and 24 h. After incubation, the cells were washed twice with PBS, 

fixed for 15 min with 2% paraformaldehyde in PBS, rinsed in PBS, and stained with To-pro 3 

iodide dye, which stains the cell nucleus detectable at 700 nm. The plate was analyzed by 

Odyssey Infrared Imager 9120 (LI-COR) scanner using the 800 nm and 700 nm channel for 

visualization of NPs loaded with NIR and the cells, respectively.   

 

2.11.3. Up-take studies of NPs and characterization by fluorescent microscopy 

To visualize the up-take of NPs by cells after 24 h of incubation a supplemental experiment 

was performed. The C28/I2 cells were plated in a chamber plate (Falcon™ Chambered Cell 

Culture Slides) (2.5x104 cells/well) containing coverslips and co-incubated for 24 h with 40 

µg/ml of PLGA NPs, PLGA NPs A, PLGA NPs AB. After incubation, the cells were washed 

twice with PBS, fixed for 15 min with 2% paraformaldehyde in PBS and rinsed in PBS. The 

cells membrane was stained with CD44-PE (CD44 Monoclonal Antibody (IM7), PE, 

eBioscience™) for 20 min at 37 ˚C and then covered with Vectashield mounting medium 

containing DAPI. Coverslips were mounted using Acqua Poly/Mount (Polysciences) and 

examined by fluorescent microscopy (Leica DMRA fluorescence microscopy, LUMC, 

University of Leiden). 

 

2.11.4. Up-take studies of NPs and characterization by confocal microscopy 
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To assess intracellular uptake of the particles, C28-I2 were plated in Cellview™ dishes 

(Greiner Bio-one) at a density of 26000 cells/cm2 in DMEM/F-12 supplemented with 10 % 

fetal bovine serum (FBS, Biowest), 0.2 mM ascorbic-2-phosphate (Sigma-Aldrich), and 100 

U/mL penicillin and streptomycin (Gibco). Cells were cultured for 24 h in a humidified 

incubator at 37°C with 5% CO2. Subsequently the NPs were added to the cells at 

concentrations of 40 µg/ml and incubated for an additional 24 h period in non-supplemented 

DMEM/F-12. Cells were fixed with formalin for 20 min, followed by 0.2% PBS-Triton for 

20 min, and blocking with 5% PBS-BSA for 30 min. Subsequently cells were stained with 

2.5 µg/mL Phalloidin-TRITC (Sigma-Aldrich) and 100 ng/mL DAPI for 1 h. Between each 

step, cells were washed three times with 0.05% PBS-Tween. Images were acquired using a 

Leica SP8X confocal microscope (Leica) and both 20x/1.4 dry-objective and 63×/1.4 oil-

immersion objective. Image processing and analysis was performed using Fiji (National 

Institutes of Health, Bethesda, USA) software version 1.50. 

 

2.12. Animals osteoarthritis model and experimental design 

 

For the in vivo test, a total of 18 male C57BL/6Jico 12 weeks old mice were purchased from 

Charles River, France. From these, 3 mice were kept healthy and used as negative control. 

The remaining 15 mice were operated with surgical destabilization of medial meniscus 

(DMM) on the right knee, while the left knee was used as contralateral control [38]. After 

DMM, 3 mice were kept as positive control and received no NPs. At the end of the 

experiment, the positive controls mice were sacrificed to confirm knee OA and damage stage 

with Safranin-O/Fast green staining (supplementary material). The remaining 12 mice were 

evenly separated into 3 groups, to which 8L in intra-articular injections were administered 

with respectively 2.5 mg/mL (1) PLGA NPs (control NPs), (2) PLGA NPs A (NPs co-loaded 

with HA), and (3) PLGA NPs AB (NPs co-loaded with HA and NH4HCO3). These mice were 

sacrificed 35 days after receiving the NPs injections and the lower limbs were analyzed by 

CT-scan. The limbs were fixed for 24 h in 4% buffered formaldehyde and subsequently 

decalcified in 14% EDTA for 3 weeks before using for ex vivo characterization. The animal 

procedures were all conducted in Leiden University Medical Centrum and approved by the 

Animal Welfare Committee of the Leiden University Medical Center approved the 

experiments under number 12036.  
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2.13. Retention time in the joint 

 

The in vivo imaging system IVIS Spectrum (Perkin Elmer, Waltham,USA) was used to 

measure the retention time of fluorescent NPs in the knee joint. The mice were anesthetized 

using isoflurane. The imaging data were analyzed using the Living Image 4.3.1 software 

(Perkin Elmer, Waltham, USA). The fluorescence images were acquired with the use of a 710 

nm excitation filter and 760, 780, 800, 820 and 840 nm emission filters. Both hind limbs were 

scanned to control for background tissue fluorescence. The NPs were followed for a total of 

35 days. The NPs retention in the mice knee joint were followed through IVIS after 1, 24 and 

48 h of intra-articular injection of NPs and after 7, 14, 21, 28 and 35 days.  

 

2.14. µCT 

 

To visualize the knee joint the SkyScan 1076 µCT scanner (Bruker, Kontich, Belgium) was 

used after sacrificing the mice. The hind limbs were fixed in formalin and scanned with 40 

kV and 250 uA with an X-ray source rotation step size of 0.8° over 180°. Images were taken 

with an image pixel resolution of 9.03 μm and a frame averaging of 4 to reduce noise. 

Reconstructions were made using the nRecon V1.6.2.0 software (Bruker) with a beam 

hardening correction set to 25%, a ring artifact correction set to 5, and the dynamic range set 

to −1,000–4,000 Hounsfield units. 3D visualizations were made with software Cyttron 

Visualization Platform (LUMC, Leiden, NL).  

 

2.15.  Histological analysis  

 

After optical imaging and µCT scan examinations, the limbs were fixed with 4% phosphate-

buffered paraformaldehyde for 24 h, decalcified with 10% ethylene diaminetetraacetic acid 

(pH 7.4) for 2 weeks, and then embedded in paraffin. The knee joints were sliced into 5 µm 

sections, stained with Safranin O/Fast green and Hematoxylin/ Eosin and examined by light 

microscopy to evaluate the cartilage damage of femur and tibia in knee joint. The joint 

degeneration was assessed with OARSI cartilage degeneration score in histological 

assessment of mouse [10]. Scoring was performed by two independent researchers, blinded to 

the conditions and to the scores of the other investigator. The results were averaged and the 

OA score of the sections was taken as the representative score of the knee joint as described 

elsewhere [39]. 
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2.16. Statistical Analysis 

 

With the exception of the in vivo study, all experiments were performed in triplicate. Results 

were expressed as means and standard deviations. Data were analyzed by t-test and two-way 

analysis of variance (ANOVA) using GraphPad Prism 5 software (CA, USA).  

 

3. Results and discussion  

 

3.1.  Preparation and characterization of NPs 

 

In this study, PLGA NPs were designed to be pH-responsive. The double emulsion-

solvent evaporation method was successfully performed to generate pH-responsive PLGA 

NPs (AB), which showed a burst release fashion profile. This method allowed quantification 

and optimization of drug encapsulation with a concomitant control of the NPs 

size. Previously, most studies focusing on NPs burst release profile applied methodologies 

aiming at the ligation of compounds to the surface of the NPs, either with Van der Waals 

bounds or covalent bounds. However, both these methods present limitations. The first 

method is made of an instable bound between the surface of the NPs and the compounds, 

which may lead to the loss of compounds when the NPs are in solutions, while the latter has 

an unstable attachment of the material on NPs surface [40–42]. On-the-other-hand, the 

method applied in this study, is emerging in the field as a promising avenue for the future 

research in NPs therapy, since the compounds are entrapped into the shell of the NPs 

reducing their potential loss in solution. 

The average size of PLGA NPs (control) was 159 ± 0.98 nm, PLGA NPs A (non pH-

responsive) was 175 ± 0.51 nm and PLGA NPs AB (pH-responsive) was 202.4 ± 2.30 nm in 

diameter (supplementary material fig. 1D) (Table 1). The sizes of all the NPs are within the 

range of NPs able of active cellular uptake via endocytosis [43]. The NPs were all negatively 

charged as determined by Zeta potential. The NPs showed a good stability since the Zeta 

potential was between -23 mV and -17mV values typically indicative of moderate to high 

NPs stability [44-46]. TEM analysis revealed that the NPs generated were all spherical with a 

smooth surface and uniform sizes (Fig. 2A). The morphology of the PLGA NPs AB was 

confirmed with AFM observations. The elongated shape of the particles depicted in Fig. 2B is 

an artifact due to microscope thermal drift. The sizes obtained by AFM were slightly smaller 
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(Fig. 2B and Table 1) than those determined by DLS. The difference is likely due to different 

sample preparation methods since hydrated particles were used for DLS, whereas dehydrated 

NPs were used for AFM. The presence of HA loaded into PLGA NPs A and PLGA NPs AB 

was confirmed by 1H-NMR measures (supplementary material Fig. 1). 1H-NMR analysis 

further revealed that there were no traces of PVA in the NPs (supplementary material Fig. 2). 

The IR spectrum revealed that ammonium bicarbonate was successfully encapsulated in 

PLGA NPs AB and detectable after NPs formulation, thus proving that the compound was 

enclosed in the NPs (supplementary material Fig. 3). The encapsulation efficiency of 

fluorescent NIR for PLGA NPs was 20.3 %, for PLGA NPs A 10.8 % and for PLGA NPS 

AB 3.16 % (Table1). The differences in encapsulation efficiency was probably because the 

single emulsion-solvent evaporation method (used to prepare the control NPs) has higher 

encapsulation efficiency than the double emulsion-solvent evaporation method (used to 

prepare PLGA NPs A and AB) [47]. The encapsulation efficiency of HA co-loaded for 

PLGA NPs A was 46.5% and for PLGA NPs AB, 28.1% (Table 1), indicating an acceptable 

encapsulation efficiency. There was a lower encapsulation efficiency of hyaluronic acid in 

PLGA NPs AB probably due to co-loading of NH4HCO3 which may constrain the NPs load 

capacity. Taken together these above results led to the conclusion that the generated NPs 

were safe and suitable for in vivo experiments. 

 

 

Table 1 NPs size, polydispersity, zeta potential, NIR dye, FITC dye drug encapsulation 

efficiency (EE) of PLGA NPs, PLGA NPs A and PLGA NPs AB. 

 

 

 

 

 

 

 

Nanoparticles Particles size 

(nm) 

Polydispersity Zeta potential (mV) EE%  

(NIR) 

EE%  

(FITC) 

EE%  

(HA) 

PLGA NPs 159 ± 0.98      0.226 ± 0.01             -18.9 20.3 20.3 - 

PLGA NPs A 175 ± 0.51          0.070 ± 0.01     -17.6 10.8 14.8 46.5 

PLGA NPs AB 202.7 ± 2.3          0.225 ± 0.03     -21.0 3.2 4.4 28.1 
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Fig. 2. Characterization of pH-response PLGA NPs AB with A) Morphology images of NPs 

obtained by TEM; B) AFM 2D image; C) and AFM 3D image of PLGA NPs AB. 

 

3.2. In vitro release study at different pH values 

  

The cumulative release study of HA and NIR dye was conducted in human synovial 

fluid and in both physiological and acidic pH conditions (pH 7.4 and 5.0, respectively), 

simulating the admixture pH of the synovial fluid environment in OA [32]. The results 

obtained clearly show that pH plays a critical role in the release of the drug encapsulated in 

the NPs.  

In Figure 3A and C, a cumulative release of HA and NIR dye at 7.4 pH shows similar release 

profile for all the NPs, i.e., a constant release over time. Contrastingly, the cumulative release 

study of HA and NIR at pH 5.0 (Fig. 3B and D) showed that PLGA NPs AB after 2 days of 

incubation, released 80% of encapsulated HA, and reached 100% release after 8 days (Fig. 

3B) while PLGA NPs and PLGA NPs A showed approximately half of the release percentage 

at the same time points. NIR dye was completely released after 2 days from PLGA NPs AB 

(Fig. D). The difference between NIR and HA release times are probably attributed the 

compounds molecular height. The results of the NIR release study in SF (Fig. 3E) showed a 

similar release profile for all the NPs up until the 5th day. After that time point, PLGA NPs 

AB had a faster release than the other NPs. This result yields similar conclusions as the 

release study in acidic PBS. The differences in the release time between SF and PBS media 

are probably due to differences in media density. Due to the lack of SF it was not possible to 

performed the release study of HA in SF medium. 

The difference in release times of the different NPs was also visible by fluorescent 

microscopy, where the NIR dye of the pH- responsive NPs (PLGA NPs AB) (Fig. 3M) shows 

higher fluorescent intensity than the non-responsive pH NPs (Fig. 3I and L) due to a burst 

release of the pH-responsive NPs (PLGA NPs AB). The burst release happens because in 

acid environment, such as the SF in osteoarthritic condition, the hydronium ions (H3O+) are 

able to cross the shell of PLGA NPs and reacted with NH4HCO3 to produce NH4
+, CO2 and 
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H2O, increasing the inner pressure that eventually leads to the rapid rupture of the shell. After 

the initial 24 h, the pH-responsive NPs showed a considerably reduced release, while the non- 

responsive pH NPs showed a steady increase of release in acid pH environments (Fig. 3D). 

Collectively, the fluorescence microscopic images and the release profile graphic show that 

the PLGA NPs AB had a burst release up until 48 h and, that at 24h the dye was still 

detectable indicating that the dye is still being released and, or, still did not degrade.  

Moreover, the NIR dye used to visualize all the NPs were non-target specific and showed 

similar wavelength absorption in both acidic and physiological pH media, indicating that the 

higher dye intensity observed for the pH- responsive NPs (PLGA NPs AB) was actually due 

to a burst release not due to other reasons, such as dye instability (supplementary material fig. 

4. A and B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Release study of HA and NIR dye from PLGA NPs A and PLGA NPs AB at different 

pHs. A) Cumulative release of HA in phosphate buffer followed for 10 days at pH 7.4 B) at 

5.0. Statistical analysis showed significant differences for all the time points measured, 
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except for the time point T0 (p < 0.0001). Cumulative release of fluorescent dye from NPs at 

different pHs. C-D) % cumulative release of NIR dye in phosphate buffer followed for 30 

days at pH 7.4 (C) and 5.0 (D). E) Cumulative release of NIR dye in synovial fluid. F) PLGA 

NPs, G) PLGA NPs A and H) PLGA NPs AB. F-G-H) NPs were incubated for 24 h in PBS 

(pH 7.4) at 37°C. I) PLGA NPs, L) PLGA NPs A and M) PLGA NPs AB. I-L-M) NPs were 

incubated for 24 h at pH 5.0. The images were made with Leica fluorescent microscopy at 

63X magnification (n=3). 

 

3.3. Characterization of the NPs in the in vitro experiments 

 

3.3.1.  Cellular metabolic assay 

 

Cell metabolic activity was accessed with MTS assay. The assay was performed using a 

constant concentration (5x104 cells/well) of human chondrocyte cell lines C28/I2 and distinct 

concentration of NPs (10, 20, 40, 60 µg/ml) were measured at three different time points: 24, 

48 and 72 hours. Additionally, the effect of free HA with a concentration standardized to the 

encapsulation efficiency relative to the respective PLGA NPs AB concentrations were also 

measured. The metabolic activity assay revealed that, except PLGA NPs (control) at 60 

µg/mL, all other NPs induced high cell viability after 72 h of incubation for all the 

concentrations. It is however interesting to note that comparing within NPs, the concentration 

of 60 µg/mL induced lower cell metabolic activity than lower concentrations at 72 h. The 

lower cell metabolic activity induced by PLGA NPs at 60 µg/mL at 72h may be explained by 

the lack of loaded HA and by the non-degradation of the NPs. On the other hand, regardless 

of the NPs concentrations, at 72 h, PLGA NPs AB showed a significantly higher metabolic 

activity in comparison with the control PLGA NPs (Fig. 4). At the same time point, the 

highest metabolic activity was registered for PLGA NPs AB at the concentration of 40 

µg/mL with a significant difference from all the other NPs. It was also observed that at 72 h 

the concentration of 60 µg/mL had the lowest metabolic activity among the experimented 

concentrations (Fig. 4C). It is worth mentioning that in an initial phase cell viability may be 

constrained by several reasons, such as cell growth and/or NPs compound release, which may 

act in synergy to the polymers composing the NPs shell. Indeed, PLGA is composed of two 

polymers, lactide and glycolide that are endogenous and metabolized by the Krebs cycle of 

cells [28]. After 3 days of incubation with cells, the PLGA starts to degrade and the 

compounds are likely assimilated by the chondrocytes. Additionally, the presence of free 
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hyaluronic acid induces 100 % cell metabolic activity in all time points and respective 

concentrations indicating that HA has non-toxicity effect and is a suitable compound to keep 

chondrocyte cell growth levels.  

 

 

 

 

Fig. 4. Cell metabolic activity assay (MTS) of the 3 different NPs and free HA at different 

concentrations incubated with C28/I2 cell line. The percent of metabolic cell activity was 

measured at three time points: A) 24 h, B) 48 h, C) 72 h. For each assay the positive control 

was obtained using DMSO 50% and the negative control was obtained with only cells. The 

negative controls are indicated by the dashed horizontal line. Asterisks notation indicates 

significant difference in t-test, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.  

 

3.3.2.  NPs up-take by chondrocytes  

 

To test and compare the effect of time on NPs uptake by cells, the C28/I2 cells were 

incubated with NPs concentration of 40 µg/mL at 37 C and analyzed with flow cytometry 

and Odyssey. The frequency of FITC- positive parents and the intensity of NIR dye were 

measured at four time points. The up-take characterized by flow cytometry showed an 

increased up take over time for PLGA NPs and PLGA NPs AB, while PLGA NPs A showed 

a constant up take overtime (Fig. 5A). Although the graphic shows higher up-take capacity 

for PLGA NPs it is necessary to take into account dye EE, since the up-take seems to be 

dependent on EE (Table.1). The up-take graphic characterized by Odyssey showed a similar 

pattern. PLGA NPs (control NPs) presented a constant uptake until 4 h and an increased up-

take at 24 h, while the PLGA NPs A and PLGA NPs AB showed a trend for increasing up-

take over time. An optimal up-take value was observed after 4 h of incubation of PLGA NPs 

AB with cells (Fig. 5A, B).  

To confirm the internalization of NPs, fluorescence and confocal microscopy were 

used to visualize the cells after 24 h of incubation. The merged images of Fig. 5C, D and E 

show that the NPs penetrated the cell membrane. This is further confirmed with the images of 

confocal microscopy (Fig. 5G, H, I). The bigger size of the green dots in the image with 

PLGA NPs AB (Fig. 5E) indicates that these NPs have started their release outside the cells, 
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while the others did not (Fig. 5D). The merged images in Fig. 5C and D, which represent 

PLGA NPs and PLGA NPs A, respectively, show green dots, which are NPs present on the 

slide glass bottom, a typical phenomenon of NPs since they attach to the slide.  

As expected, the burst release of the pH-responsive PLGA NPs AB is accompanied 

by a higher cell uptake in comparison with the non-responsive NPs already at 4 h of 

incubation (Fig. 5A, B). The fluorescence microscopic images (Fig. 5C- D- E) taken at the 

end of the first day showed intracellular release with all NPs. This extracellular release 

greatly contributes to cell viability since there are evidences suggesting that the HA binds to 

the CD44 receptor present in the cell surface activating TGF-beta 1, which in turn induces 

protein phosphorylation enhancing C-Myc E2F4 gene expression that is correlated with 

matrix regeneration [48]. Taken collectively the data indicates that the formulated pH-

responsive PLGA NPs AB induced both a faster release of the encapsulated compounds and 

higher metabolic cell activity. 

   

 

 

Fig. 5. Measure and visualization of C28/I2 cellular up-take of NPs. A) In vitro cellular up-

take of PLGA NPs, PLGA NPs A and PLGA NPs AB characterized by FACS. The C28/I2 

cells were incubated at 1, 2, 4 and 24 h with NPs concentration of 40 µg/mL. B) In vitro 

cellular up-take of PLGA NPs, PLGA NPs A and PLGA NPs AB characterized by Odyssey. 

C-D-E) Fluorescent microscopy images showing internalization of fluorescent NPs and burst 

release of PLGA NPs AB. Visualization after 24 h incubation in PBS of NPs. C) PLGA-NPs, 

D) PLGA-NPs A and E) PLGA-NPs AB. Cell membrane stained with CD44-PE (red), cell 

nucleus with DAPI staining (blue) and NIR NPs (green). The images were made with Leica 

fluorescent microscopy at 43X magnification. F- G- H- I) Confocal microscopy images. F) 

Only cells, no NPs treatment G) PLGA-NPs, H) PLGA-NPs A and I) PLGA-NPs AB. 

Phalloidin-TRITC (red), cell nucleus with DAPI (blue) and FITC NPs (green). The images 

were made with Leica SP8 confocal microscopy at 63X magnification.  

 
 

3.4. Characterization of the NPs in in vivo experiments 

 

3.4.1. Animals Osteoarthritis mouse model experiment and NPs release study in vivo 
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After confirming that DMM successfully induced knee OA in the mice (supplementary 

materials Figure. 5 A and B), the animals were treated with 3 types of NPs and followed for 

35 days. A gradual decline of fluorescent signal was observed over time but still detectable in 

vivo at the latest time point (Fig. 6A). PLGA NPs AB induced a faster release of cargo than 

PLGA NPs and PLGA NPs A (Fig. 6).  The PLGA NPs and PLGA NPs A presented a 

standard release curve, while PLGA NPs AB had a release peak (nearly 4 times higher than 

the other NPs) 24h after administration, followed by a sharp decrease 48h after injection with 

a continuing decreasing pattern over time. ANOVA indicated a statistically significant 

difference between the treatments (p < 0.001) (Fig. 6B). At the end of the experiment it was 

still possible to detect NIR dye through IVIS fluorescence imaging from the OA knee mouse 

treated with NPs. On the other hand, no fluorescence signal was captured from mice injected 

with free NIR dye (Fig. 6C). These results show that the NPs are still in the knee after 35 

days of IA injection. Considering, that after 20 days of in vitro release study in SF the 

cumulative NIR dye released is a maximum of 20% (Fig. 3D), it seems possible that at 35 

days the compounds loaded in NPs may still be released in vivo.  

A collective interpretation of these and the release experiment results, (which showed 

that at pH 5.0, PLGA NPs AB had an initial burst release with a decrease over time, while 

PLGA NPs A had an initial slower release with an increase over time), indicates that 

combining both NPs, pH-responsive and non-pH responsive, in a single intra-articular 

injection in OA knee may have a synergistic effect. In this way it is possible to achieve a 

faster delivery to the cells and, keep a constant and prolonged deliver of the drug to the OA 

tissues. This may also reduce the potential for infections after intra-articular injection 

treatment of viscosupplementation or anti-inflammatory drugs, since it may reduce the 

number of IA injections. 
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Fig. 6. A) The in vivo IVIS images depict a representative mouse for each NPs treatment 

group at 5 different time points. Ex vivo imaging was performed after 35 days of treatment. 

B) The in vivo retention was measured as the average radiation intensity of each NPs 

treatment over time, at 8 time points, in the OA knee. The control curve represents free dye 

injected intra-articularly and was used as a baseline comparison with the NPs. In vivo 

retention of PLGA NPs, PLGA NPs A and PLGA NPs AB co-loaded with NIR dye followed 

for 35 days after IA injection in the right knee. * statistical significance p < 0.001 by two-way 

ANOVA (n=4). C) The zoom graphic of in vivo NPs retention in knee joint.  

 

3.5. Characterization of the NPs in the ex vivo experiment 

 

3.5.1.  µ-CT and Histological analysis 

 

After sacrificing the mice and collecting the limbs, the legs were analyzed with CT-scan. 

OA induces significant changes to the bone structure [49] therefore, CT-scan was used to 
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visualized the bone structure of the knee joint in each treatment group. The results show that 

DMM induced knee OA, since osteophytes formation and cartilage degeneration were 

observed in the targeted joints (Fig. 7B), while no osteophytes formations or cartilage 

damage were observed in healthy knees, as highlighted by the arrows in Fig. 7B. The CT-

scans of the knees treated with NPs showed minor osteophyte formations (see arrows in Fig. 

7A), suggesting that PLGA NPs A and PLGA NPs AB induce a reduction in OA 

development. To confirm the results of the in vivo experiments we performed histological 

staining using Safranin-O to visualize the cartilage and osteophytes. The results confirm the 

observation obtained with the - CT-scan: 1) the healthy knee did not show osteophytes, 2) 

the OA knee with no treatment showed cartilage degeneration and osteophytes, 3) the OA 

knee treated with NPs showed minor osteophytes formation and cartilage damage (Fig. 7A 

and B). Articular damage was quantified with OARSI score (Fig. 7D and E). The sum of the 

average score of the medial compartment (femoral and tibia) (Fig. 7D) and the sum of the 

medial compartment (femoral and tibia) (Fig. 7E) per knee. Due to small sample sizes it was 

not possible to perform statistical analysis. Nevertheless, the OA score suggests that injection 

of the PLGA NPs A and AB did not worsen progression of OA in mice (Fig. 7D). Moreover, 

it was not possible to analyze many of the OA knee samples due to cartilage degradation and 

sample unsuitability for OA scoring.     
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Fig. 7. Characterization of the pH-response NPs in the ex vivo. A) Ex vivo µ-CT scan of knee 

joints showing a 3D view of the cartilage surface. From left to right healthy knee (negative 

control), OA knee without NPs treatment (positive control), representative pictures of OA 

knee treated with PLGA NPs A and PLGA NPs AB. B) Histological staining with Safranin-O 

fast green, C) Hematoxylin/ Eosin staining. The arrows in µ-CT scan point to the osteophytes 

and in Safranin-O staining point to the damage in the cartilage and formation of osteophytes. 

The D) average of medial femoral condyle (MF) and medial tibial (MT) and E) sum of OA 

score per knee of the medial compartments (femoral and tibial). Bars represent the standard 

deviation (SD) of each group.   

 

 

4. Conclusion 
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pH-responsive PLGA NPs AB loaded with HA and NH4HCO3 were successfully 

developed with an upcoming and promising methodology to demonstrate the efficiency in 

drug delivery for treatment of osteoarthritis. This study aimed at characterizing and testing 

the effects of pH- responsive PLGA NPs in OA nanotherapy, as well as, monitoring its 

effects in in vitro and in vivo experiments with molecular imaging. The results from in vitro 

and in vivo experiments indicate that pH-responsive NPs released the content loaded in a 

burst release fashion at environmental pH 5.0. Additionally, PLGA NPs AB and PLGA NPs 

A were not toxic to chondrocyte cells and PLGA NPs AB had no negative effects in the joint. 

This study points towards a high therapeutical potential by combining pH responsive with 

non pH-responsive NPs in a single shot it may be possible to enhance the initial pulse of drug 

release combining with a steady pulse of drug release.   
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Nanoparticles Particles size (nm) Polydispersity Zeta potential (mV) EE%  (NIR) EE%  (FITC) EE%  (HA) 

PLGA NPs 159 ± 0.98      0.226 ± 0.01             -18.9 20.3 20.3 - 

PLGA NPs A 175 ± 0.51          0.070 ± 0.01     -17.6 10.8 14.8 46.5 

PLGA NPs AB 202.7 ± 2.3          0.225 ± 0.03     -21.0 3.2 4.4 28.1 
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Highlights  
 

 
 

 pH-responsive nanoparticles (NPs) showed a burst release in acidic pH environment   
 

 non-pH responsive NPs showed slower and more prolonged release 
 

 pH-responsive NPs induced high cell metabolic activity in chondrocytes 

 

 Hyaluronic acid encapsulated in the NPs prevented the progression of Osteoarthritis 

 

 Combining pH- and non-pH responsive NPs is suggested as a future avenue in 

nanotherapy 
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