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Abstract: Piroxicam (PRX), a potent nonsteroidal anti-inflammatory drug, is prescribed to 

relieve postoperative and/or chronic joint pain. However, its oral administration often results 

in serious gastrointestinal adverse effects including duodenal ulceration. Thus, a novel cationic 

nanoparticle (NP) was explored to minimize the systemic exposure and increase the retention time 

of PRX in the joint after intra-articular (IA) injection, by forming micrometer-sized electrostatic 

clusters with endogenous hyaluronic acid (HA) in the synovial cavity. PRX-loaded NPs consist-

ing of poly(lactic-co-glycolic acid), Eudragit RL, and polyvinyl alcohol were constructed with 

the following characteristics: particle size of 220 nm, zeta potential of 11.5 mV in phosphate-

buffered saline, and loading amount of 4.0% (w/w) of PRX. In optical and hyperspectral 

observations, the cationic NPs formed more than 50 μm-sized aggregates with HA, which was 

larger than the intercellular gaps between synoviocytes. In an in vivo pharmacokinetic study in 

rats, area under the plasma concentration–time curve (AUC
0–24

 
h
) and maximum plasma con-

centration (C
max

) of PRX after IA injection of the cationic NPs were ,70% (P,0.05) and 60% 

(P,0.05), respectively, compared to those obtained from drug solution. Moreover, the drug 

concentration in joint tissue 24 h after dosing with the cationic NPs was 3.2-fold (P,0.05) and 

1.8-fold (P,0.05) higher than that from drug solution and neutrally charged NPs, respectively. 

Therefore, we recommend the IA cationic NP therapy as an effective alternative to traditional 

oral therapy with PRX, as it increases drug retention selectively in the joint.

Keywords: piroxicam, polymeric nanoparticles, electrostatic interaction, intra-articular injec-

tion, local delivery, hyaluronic acid

Introduction
Intra-articular (IA) administration of therapeutic agents has been clinically explored 

to selectively deliver active compounds to their site of action in the treatment of 

osteoarthritis, rheumatoid arthritis, and joint pain.1 Direct IA delivery of active com-

pounds to affected tissues offers the chance to boost therapeutic outcomes with lower 

dose, while reducing systemic exposure and undesirable adverse effects.1,2 Currently, 

corticosteroids, methotrexate, and nonsteroidal anti-inflammatory drugs (NSAIDs) 

are the common IA therapeutics for arthritic joints.2,3 Unfortunately, their therapeutic 

actions are often transient, because these molecules readily leak out from the synovial 

cavity and redistribute into the bloodstream. Knight and Levick4 revealed that the 

outer synovial membrane consisted of a discontinuous layer of synoviocytes with 

loose intercellular gaps (0.1–5.0 μm). It was reported that IA indomethacin showed 

a short elimination half-life of 2.8 h in patients.5 Moreover, several low molecular 

weight analgesics such as paracetamol, salicylate, and diclofenac exhibited only 1.1, 

2.4, and 5.2 h elimination half-lives, respectively, in preclinical studies.6 There is an 

emerging interest in the development of polymeric nano- and micro-particulate systems 
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as drug carriers to reduce the rapid efflux of therapeutic 

agents from the synovial cavity and extend drug retention 

time in joints, after IA injection.7,8 Poly(lactic-co-glycolic 

acid) (PLGA) has been widely employed to fabricate par-

enteral particulate systems, because of its long clinical use, 

favorable degradation characteristics, and sustained drug 

release profile.9,10 Horisawa et al11 revealed that PLGA-based 

nanoparticles (NPs) could prolong anti-inflammatory action 

of a corticosteroid, betamethasone sodium phosphate, by 

delaying the clearance rate of the active compound from the 

synovial cavity. Nevertheless, generally, NPs smaller than 

250 nm in size quickly escape from the joint cavity, and 

thus longer retention times are still needed to permit less 

frequent IA injection.12 In our previous study, we reported 

on cationic NPs as a platform to acquire prolonged drug 

retention in the synovial joint.9 The positively surface-

charged NPs composed of PLGA and a positively charged 

polymer, Eudragit RL, formed micrometer-sized clusters in 

synovial fluid with endogenous hyaluronic acid (HA) due to 

electrostatic interaction. This aggregate-forming behavior 

physically restricted the efflux of the cationic NPs through 

the interstitium of the synovial cavity after IA injection, thus 

increasing the retention time in the knees.

Piroxicam (PRX), a member of the oxicam group of 

NSAIDs, is often administered to reduce postoperative 

and/or chronic pain in joints, due to its strong and long-

lasting analgesic and anti-inflammatory effects. However, 

this nonselective cyclooxygenase inhibitor, after repeated 

oral administration, occasionally causes serious adverse 

effects including gastroduodenal ulceration, bleeding, and 

renal disorder.13–15 To reduce the gastrointestinal damages 

of oral therapy, IA administration has been attempted.16 

However, systemic exposure of PRX after IA injection was 

comparable to intramuscular injection of PRX because of 

its rapid clearance from the synovial cavity.16 Nevertheless, 

to the best of our knowledge, there are no investigations on 

the construction of IA-administered sustained-release PRX 

formulations.

Therefore, the objective of this study was to formulate a 

cationic NP delivery system for PRX to reduce the systemic 

exposure and simultaneously prolong the drug retention in 

joint tissue. PRX-loaded NPs were prepared by emulsification 

and solvent evaporation technique and were characterized in 

terms of particle size, surface charge, loading amount of drug, 

and in vitro release profile. Aggregate-forming behavior of 

cationic NPs with HA, which depended on the surface charge 

of the NPs, was visualized by a hyperspectral imaging system 

(Cytoviva, Auburn, AL, USA). In vivo systemic exposure 

and retention profile of PRX in the joint after IA injection 

of the optimized cationic NPs were evaluated in rats and 

compared to those after IA injection of drug solution or 

neutrally charged NPs.

Materials and methods
Materials
PRX powder  (pur i ty  .99 .0% w/w)  was  pur -

chased from Nantong Jinghua Pharmaceutical Co. Ltd. 

(Jiangsu, China). PLGA (a lactide/glycolide ratio of 50:50 

with a molecular weight of 38,000–54,000 kDa, Resomer® 

504), polyvinyl alcohol (PVA with a molecular weight of 

30,000–70,000 kDa), and phosphate-buffered saline (PBS) 

tablets were obtained from Sigma-Aldrich (St Louis, MO, 

USA). Sodium hyaluronate of microbial origin (molecular 

weight: 1,500–2,500  kDa) was purchased from Humedix 

(Sungnam, Korea). Eudragit RL (a copolymer of ethyl acry-

late, methyl methacrylate, and a low content of methacrylic 

acid ester with quaternary ammonium groups) was kindly 

provided by Evonik (Darmstadt, Germany). Meloxicam 

(∼98%), an internal standard (IS) for liquid chromatography 

tandem mass chromatography (LC–MS/MS) analyses, was 

obtained from Aladdin Industrial Corporation (Shanghai, 

China). Dichloromethane was purchased from Samchun Pure 

Chemical (Gyeonggi-do, Korea). Glacial acetic acid was 

purchased from Merck KgaA (Darmstadt, Germany). Water 

was prepared using a Millipore Milli-Q System (Millipore, 

Bedford, MA, USA). The grade of all other chemicals used 

for LC-MS/MS analyses was at least analytical grade.

Preparation of PRX-loaded NPs
PRX-loaded NPs were prepared by oil-in-water emul-

sification and solvent evaporation method with a slight 

modification.17 A total of 125 mg of the polymers (PLGA 

and Eudragit RL) and 25 mg of PRX were dissolved in 8 mL 

of dichloromethane. NPs prepared with PLGA and Eudragit 

RL with the weight ratios of 10:0, 9:1, 8:2, and 7:3 were 

named conventional NPs, E10-NPs, E20-NPs, and E30-NPs, 

respectively. The organic solution was then poured into 

20 mL (0.1%; w/v) PVA solution and sonicated using a probe 

sonicator (Sonoplus, HD 2070; Bandelin Electronics, Berlin, 

Germany) operating at 55% power for 7 min. The oil-in-

water emulsion was stirred at 400 rpm for 4 h to evaporate 

the organic phase, and the NP suspension was centrifuged at 

20,000× g for 30 min. Finally, the supernatant was removed, 

and the NPs were re-dispersed in distilled water.
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Physicochemical characterization of 
PRX-loaded NPs
Field-emission scanning electron microscopy (FE-SEM)
The morphological features of PRX-loaded NPs were 

observed using FE-SEM (Sigma, Carl Zeiss, Germany). NPs 

dispersed in water were dropped onto a cover glass and air 

dried under reduced pressure. The dried, sample-loaded cover 

glass was placed onto a copper grid using double-sided tape 

and coated with platinum for 2 min under vacuum. Samples 

were viewed at an acceleration voltage of 3 kV.

Measurement of particle size and zeta potential
The NP samples were diluted ∼100-fold in 10  mM PBS 

solution and were examined for size distribution and poly-

dispersity index (PDI) by a dynamic light scattering (DLS) 

method using a Zetasizer Nano ZS (Malvern Instruments, 

Worcestershire, UK) equipped with a 50 mV laser at a scat-

tering angle of 90°. Samples were loaded into the dispos-

able capillary cells, and the surface charge of the NPs was 

determined using the M3-PALS measurement technology 

equipped in the Zetasizer system. All measurements were 

performed in triplicate under ambient conditions.

Determination of the loading amount of drug in NPs
Approximately 10 mg of NP powder was added to 1 mL of 

acetonitrile and vortexed for 30 min. Then, the concentra-

tion of PRX in the organic solvent was analyzed by high-

performance LC (HPLC).18 The HPLC system consisted of 

a pump (L-2130), ultraviolet (UV) detector (L-2400), a data 

station (LaChrom Elite, Hitachi, Japan), and a Kromasil 

C18 column (4.6 mm ×15 cm, 5 μm; Akzo Nobel, Bohus, 

Sweden). Acetonitrile–acetic acid (8%; v/v) in water (45:55) 

was used as mobile phase at a flow rate of 1 mL/min. The 

eluent was monitored at UV wavelength of 365 nm, and the 

PRX peak was observed at 4.3 min. The loading amount of 

PRX in NPs was calculated by the following equation:9

	

Loading
amount (%)

Weight of theencapsulated PRX

Total weight of th
=

ee NPs
×100

�

Optical and hyperspectral observations 
of PRX-loaded NP/HA aggregates
Optical and hyperspectral imaging systems (CytoViva, 

Auburn, AL, USA) were utilized to scrutinize the appearance 

of NP/HA aggregates and to track NPs in the electrostatic 

aggregates with HA. Approximately 250 μL of PRX-loaded 

NP suspension was admixed with 0.5 mL of HA solution 

(10 mM PBS, 2.2 mg/mL) and was gently shaken for 1 min. 

The sample was then spread on a glass slide and observed by 

optical or hyperspectral observation systems. The hyperspectral 

observation system included an Olympus microscope equipped 

with a visible-near infrared (VNIR) hyperspectral camera 

system, high-resolution adaptor, and the halogen light source 

illuminated by a fiber optic illuminator (Fiber-Lite DC-950; 

Dolan-Jenner Industries, Boxborough, MA, USA). Hyperspec-

tral images were obtained from HyperVisual Software ENVI 

4.8 (Exelis Visual Information Solutions, Boulder, CO, USA), 

by mapping spectral signals of PRX in the scanned images.

In vitro drug release test
In vitro release profile of PRX from drug powder, conven-

tional and cationic NPs, and cationic NP/HA aggregates 

was assessed using the dialysis method.19 In brief, each for-

mulation containing the equivalent amount of PRX (2 mg) 

was sealed in a dialysis bag (cellulose ester tubing with 

50 kDa molecular weight cutoff; Spectrum Labs, Rancho 

Dominguez, CA, USA). Drug-containing bags were then 

immersed into 200 mL of 10 mM PBS solution (pH 7.4) 

and rotated at 50 rpm. At predetermined intervals, 500 μL 

of the release medium was collected and diluted twofold 

with acetonitrile. The aliquots were analyzed by HPLC to 

determine the drug concentration in the medium. The same 

volume of fresh PBS solution was supplemented to maintain 

a constant medium volume.

In vivo systemic exposure and joint 
retention of PRX after IA injection in rats
Animals
This animal experiment was approved by the Institutional 

Animal Care and Use Committee of Chung-Ang University 

in Seoul, Korea, and was carried out according to the National 

Institute of Health guidelines. Healthy Sprague Dawley rats 

(8-week-old, male) supplied by Orient Bio (Gyeonggi-do, 

Korea) were housed under controlled light cycle (12 h/12 h) 

and constant temperature (23°C) in the animal care labora-

tory. Standardized chow and water were available ad libitum. 

Prior to drug dosing, rats were fasted for ∼12 h with free 

access to water.

Drug administration and plasma and joint 
tissue collections
Before drug administration, rats were assigned to three groups 

(n=6 in each group) by a stratified randomization scheme to 
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get similar group mean body weights. One group received 

50 μL of drug solution (2 mg/mL) intra-articularly using an 

insulin syringe (31 G) in the right and left knee joints. Rats 

in the second and third group received the equivalent amount 

of PRX in both knees, in the form of conventional NPs and 

E30-NPs, respectively. Then, blood samples of ∼0.5 mL were 

collected from the retro-orbital plexus at predetermined time 

points of 0, 0.5, 1, 2, 4, 6, 8, 12, and 24 h using heparinized 

tubes. Blood samples were centrifuged at 16,000×  g for 

15 min. Obtained plasma samples were then stored at −80°C 

before being analyzed by LC-MS/MS. During the animal 

experiment, knee tissues were collected to estimate the level 

of PRX in joints. After 12 and 24 h of the IA injection, half 

of each group was sacrificed, and both knees were ampu-

tated using a bone cutter. The collected tissues were stored 

at -80°C until analysis, after removing any adhering tissue 

and washing out any residual substances.

Determination of PRX in plasma and joint tissue
Preparation of samples and their LC-MS/MS analyses were 

carried out following Kim et al’s20 methods. Briefly, in the 

case of a plasma sample, 100 μL of rat plasma was mixed 

with 10  μL of a 1,000 ng/mL IS in 50% (v/v) aqueous 

acetonitrile solution and 750 μL of acetonitrile for protein 

precipitation. A portion (5 μL) of supernatant was analyzed 

through an LC-MS/MS system (an LC-20 Prominence HPLC 

system from Shimadzu, Tokyo, Japan, and an API 2000 triple 

quadrupole mass spectrometer from AB/SCIEX, Foster City, 

CA, USA). For the preparation of an articular sample, the 

whole knee tissue was immersed into 2 mL of acetonitrile and 

incubated at 4°C by continuous shaking overnight to extract 

PRX from the tissue. After centrifugation of the extracted 

solution, 80 μL of the supernatant was mixed with 10 μL of 

the IS solution and 10 μL of acetonitrile. A portion (5 μL) of 

the resulting mixture was analyzed through the LC-MS/MS 

system. For separation, a Luna C18 column (2.0×150 mm, 

5 μm; Phenomenex, Torrance, CA, USA) and the isocratic 

mobile phase condition of a 70% (v/v) aqueous acetonitrile 

solution in 0.1% formic acid were used with a flow rate 

of 0.25  mL/min and total analysis time of 5  min. PRX 

and IS eluted from the column were analyzed by multiple 

reaction monitoring in positive ion mode. The transitions 

of 331.9/95.0/31, precursor ion (m/z)/product ion (m/z)/

collision energy (V), and 351.9/115.0/29 were monitored for 

PRX and IS, respectively. For the purpose of PRX and IS 

confirmation, additional transitions (331.9/77.9/71 for PRX 

and 351.9/141.0/31 for IS) were employed in the methods. 

Data acquisition/analyses were carried out using Analyst 

software (version 1.5.2; AB/SCIEX), and the screening 

transition peak area ratios of PRX to IS were used for the 

quantitation of PRX.

Calculation of pharmacokinetic parameters
Plasma data analysis was performed using BA Calc 2007 

pharmacokinetic analysis program (Korea Food and Drug 

Administration, Korea). Area under the curve (AUC) from 

0 to 24 h and elimination half-life (t
1/2

) of PRX was calculated 

using the linear trapezoidal rule of the analysis program. 

Maximum plasma concentration (C
max

) and the time taken to 

reach the maximum plasma concentration (T
max

) were mea-

sured directly from plasma concentration–time profiles.

Statistical analysis
All data are expressed as mean ± standard deviation, and 

results were considered to be significant at P,0.05.

Results and discussion
Morphological and physicochemical 
characteristics of PRX-loaded NPs
PRX-loaded cationic NPs consisting of PRX, PLGA, 

Eudragit RL, and PVA were fabricated by an emulsification 

and solvent evaporation method. In previous studies, PLGA 

and Eudragit RL formed homogeneous nanostructures when 

examined by differential scanning calorimeter, X-ray dif-

fractometer, and Fourier transform infrared spectroscopy.21–23 

PLGA polymer and hydrophobic group of Eudragit RL 

(methacrylic acid derivatives) preferentially formed the 

inner core structure of the NPs, while the positively charged 

moiety of Eudragit RL (quaternary ammonium groups) was 

on the surface of the NPs. In our study, three cationic NPs 

(E10-NPs, E20-NPs, and E30-NPs) containing different 

proportions of Eudragit RL were designed to investigate the 

influence of surface charge on the electrostatic interaction and 

aggregate-forming behavior with the anionic HA polymer. 

Hydrophobic PRX was predominantly entrapped inside the 

core compartment of the cationic NPs. A small quantity of 

PVA adsorbed on the surface helped the dispersion of the 

NPs in aqueous medium, with no aggregation and/or precipi-

tation.24 The morphology of conventional and cationic NPs 

was scrutinized by FE-SEM. Both PRX-loaded conventional 

NPs (Figure 1A) and E30-NPs (Figure 1B) were uniform 

and spherical, and the surface of both was quite smooth. The 

appearance of the E10-NPs and E20-NPs was not noticeably 

different from E30-NPs (data not shown). The particle sizes 

of NPs as observed by SEM ranged from 200 to 300 nm, 

which was quite analogous to the mean hydrodynamic 
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diameter between 200 and 250 nm as determined by DLS 

(Table 1). There was no obvious change in particle size, 

regardless of the ratio of PLGA polymer to cationic polymer. 

The low PDI values (,0.05) in all NP suspensions signify 

homogeneous size distribution in the aqueous medium.

On the other hand, the surface charge of PRX-loaded 

NPs increased as the proportion of cationic polymer was 

increased. The surface charge of conventional NPs composed 

of neutral PLGA and PVA polymers was neutral (-1.3 mV) in 

10 mM PBS solution (pH 7.4). Conversely, the zeta potential 

values of E10-NPs, E20-NPs, and E30-NPs were 2.4, 9.5, 

and 11.5 mV, respectively, in the physiological environment. 

When the amount of Eudragit RL in the NPs was increased, 

the proportion of cationic quaternary ammonium groups 

residing on their surface might be expected to increase. We 

expected the positively charged groups on NPs to not only 

trigger the formation of micrometer-sized aggregates by 

electrostatic interaction with HA after IA injection but also 

improve the colloidal storage stability in aqueous medium 

by electrostatic repulsion mechanism.

Optical and hyperspectral imaging of 
PRX-loaded NP/HA aggregates
Optical and hyperspectral imaging tools were employed to 

scrutinize the appearance of NP/HA aggregates and to find 

the distribution of NPs in the aggregates. In our study, HA 

concentration in aqueous medium was set to 2.2 mg/mL, 

because HA concentration in synovial fluid was reported to 

be below 2.2 mg/mL in osteoarthritic joints.2 Figure 2 shows 

representative images of each NP system after admixing 

with HA solution, where the images are listed as optical 

(top), PRX mapped (center), and merged images (bottom). 

The spectrum derived from PRX was expressed in red 

color in the hyperspectral imaging. Conventional NPs 

with neutral surface charge did not form any aggregates 

and/or clusters with HA, as observed by optical microscope. 

PRX-loaded conventional NPs were evenly dispersed in 

the solution.

In contrast, every cationic NP (E10-NPs, E20-NPs, and 

E30-NPs) formed filamentous aggregates when in contact 

with the anionic polymer under gentle agitation. The diam-

eter of the cluster became larger, when the surface charge 

of the NPs increased. In particular, E30-NPs constructed 

micrometer-sized, ionically cross-linked clusters with HA, 

which were larger than 50 μm. As observed in the merged 

images, the cationic NPs were predominantly gathered 

within the NP/HA aggregates, suggesting that charge 

interaction between the cationic PLGA NP and the anionic 

polymer principally could be attributed to the formation of 

insoluble aggregates. E30-NPs, which produced aggregates 

Figure 1 Representative FE-SEM images of (A) conventional NPs and (B) cationic E30-NPs.
Notes: The inserts in the images show the NPs at higher magnification (bar =100 nm). E30-NPs, NPs prepared with PLGA and Eudragit RL at the weight ratio of 7:3.
Abbreviations: FE-SEM, field-emission scanning electron microscopy; NPs, nanoparticles; PLGA, poly(lactide-co-glycolic acid).

Table 1 Physicochemical characteristics of PRX-loaded NPs

Characteristics Conventional NPs E10-NPs E20-NPs E30-NPs

Particle size (nm) 213.0±1.7 243.7±10.1 222.1±2.1 221.8±1.9
PDI 0.04±0.01 0.05±0.01 0.05±0.05 0.02±0.01
Zeta potential (mV) -1.3±0.2 2.4±3.2 9.5±1.3 11.5±0.1
Loading amount (%, w/w) 5.50±0.10 5.14±1.14 4.61±0.39 4.06±0.85

Notes: Values represent mean ± SD (n=3). E10-NPs, NPs prepared with PLGA and Eudragit RL at the weight ratio of 9:1; E20-NPs, NPs prepared with PLGA and Eudragit RL 
at the weight ratio of 8:2; E30-NPs, NPs prepared with PLGA and Eudragit RL at the weight ratio of 7:3.
Abbreviations: NPs, nanoparticles; PDI, polydispersity index; PLGA, poly(lactide-co-glycolic acid); PRX, piroxicam; SD, standard deviation.
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larger than the loose intercellular gaps (0.1–5.0 μm) in the 

synovial membrane, were employed for further in vitro and 

in vivo studies.

In vitro drug release profile from 
cationic NPs
In vitro release profiles of PRX from drug powder, con-

ventional and E30-NPs, and E30-NP/HA aggregates were 

assessed in 200 mL of PBS solution at 50 rpm stirring rate. 

This dissolution condition is assumed to accelerate drug 

release from the formulations, compared to the in vivo joint 

environment, because the actual volume of synovial fluid in 

normal human joints is only 0.5–2.0 mL.4,5 Moreover, the 

movement of synovial fluid in the knee is not fast, with a 

flow rate of 0.002 mL/cm2 per hour.25 Nevertheless, the drug 

release profile was assessed under these accelerated condi-

tions for quicker comparison between formulations. The solu-

bility of PRX in the medium was measured as 200 μg/mL, 

which assures appropriate sink condition to study the drug 

release from the formulations.

Under sink condition, the drug powder was readily 

dissolved in the aqueous medium and diffused out of the 

dialysis membrane, achieving 78% drug release after 90 min 

(Figure 3). On the other hand, drug release from both 

conventional and cationic E30-NPs became significantly 

delayed, exhibiting accumulative release of 16% and 22% 

after 90 min, respectively. There were no differences in the 

release profile between conventional and E30-NPs, regardless 

of the presence of Eudragit RL. The accumulated amounts 

of PRX which diffused out from E30-NPs were linear for 

8 h, and increased by 26%, 44%, to 64% after 2, 4 and 8 h, 

respectively. Finally, a sustained release pattern was observed 

Figure 2 Hyperspectral images of neutrally charged NPs and HA mixture, E10-NP/HA aggregates, E20-NP/HA aggregates, and E30-NP/HA aggregates in aqueous medium 
(bar =0.5 μm).
Notes: Red dots represent the active compounds. E10-NPs, NPs prepared with PLGA and Eudragit RL at the weight ratio of 9:1; E20-NPs, NPs prepared with PLGA and 
Eudragit RL at the weight ratio of 8:2; E30-NPs, NPs prepared with PLGA and Eudragit RL at the weight ratio of 7:3.
Abbreviations: HA, hyaluronic acid; NPs, nanoparticles; PLGA, poly(lactide-co-glycolic acid); PRX, piroxicam.

Figure 3 In vitro release profiles of PRX from drug powder, conventional and 
E30-NPs, and E30-NP/HA aggregates in 10 mM PBS solution at 37°C.
Notes: Vertical bars represent mean ± SD (n=3). E30-NPs, NPs prepared with 
PLGA and Eudragit RL at the weight ratio of 7:3.
Abbreviations: HA, hyaluronic acid; NPs, nanoparticles; PBS, phosphate-buffered 
saline; PLGA, poly(lactide-co-glycolic acid); PRX, piroxicam; SD, standard deviation.
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for 24 h in both conventional and E30-NP systems, show-

ing 80% and 85% drug release after 24 h, respectively. In 

the preclinical and clinical setting, this sustained release 

profile of the cationic NPs would increase the drug retention 

period in the joint and, thus, extend the duration of pharma-

cological action of the compound.

In vivo systemic exposure and joint 
retention of PRX after IA injection in rats
Although PRX exerts potent analgesic and anti-inflammatory 

effects in treating osteoarthritis, rheumatoid arthritis, and joint 

pain, its nonselective cyclooxygenase inhibition is strongly 

associated with serious gastrointestinal adverse events such as 

bleeding, ulceration, and perforation of the stomach or intes-

tines, especially in elderly patients. It has been reported that 

the repeated oral intake of NSAIDs provokes drug-induced 

gastrointestinal effects, accounting for 10%–30% of gastric 

ulcers, 20%–35% of ulcer bleeding, ∼20,000 hospitalizations, 

and 2,600 deaths annually in the US.26 Thus, in the current 

study, a novel NP-based IA delivery of PRX was explored as 

an alternative to minimize systemic drug exposure.

Plasma concentration–time profiles of PRX following 

IA administration of drug solution, conventional NPs, or 

E30-NPs are depicted in Figure 4. The pharmacokinetic 

parameters such as AUC, C
max

, T
max

, and t
1/2

 values are summa-

rized in Table 2. After IA injection of PRX solution, the drug 

concentration in plasma rapidly rose, showing a C
max

 value 

of 3.7 μg/mL at 0.8 h (T
max

) after dosing. This observation is 

in line with our earlier report that PRX rapidly redistributed 

from the joint to the blood stream within 1 h, following IA or 

intramuscular injection, denoting the rapid efflux of the small 

molecule from the joint cavity.17,27–29 In contrast, the plasma 

concentration of PRX after IA administration of conventional 

and E30-NPs gradually increased and peaked between 2.8 and 

3.8 h after IA injection, as expected from in vitro release data. 

The C
max

 values of PRX following conventional and E30-NP 

injection were 2.3 and 2.2 μg/mL, respectively, which are 

62% (P,0.05) and 59% (P,0.05) that of the drug solution. 

Moreover, AUC
0–24

 
h
 values obtained from conventional NP- 

and E30-NP-treated groups decreased to ,78% (P,0.05) 

and 70% (P,0.05) of that obtained from the drug solution, 

respectively. These pharmacokinetic data show that these 

particulates reduced efflux from the synovial cavity into the 

blood, prolonging retention period of the drug in the joint. 

On the other hand, the cationic NPs exhibited slightly lower 

systemic exposure in terms of AUC
0–24

 
h
 and C

max
 values of 

PRX compared to the neutral NPs, but these differences were 

not statistically significant.

The remains of PRX in the joint, 12 and 24  h after 

dosing, were determined following IA administration of 

drug solution, neutral NPs, and cationic NPs in rat knees 

(Figure 5). Following IA administration of drug solution, 

the concentration of PRX in the injected tissue decreased 

quickly. Only 0.3% and 0.2% of the drug administered was 

detected 12 and 24 h after dosing, respectively. However, 

the amount of drug remaining in the joint, after the admin-

istration of E30-NPs, was ∼3.7-fold (P,0.05) and 3.2-fold 

(P,0.05) higher than its solution 12 and 24 h after dosing, 

respectively. The formation of micrometer-sized aggregates 

by electrical interaction between NPs and anionic HA might 

prevent rapid efflux of drug and/or drug-loaded NPs from 

the synovial cavity. Interestingly, the cationic NPs showed 

higher drug accumulation in joint tissue compared with 

neutral NPs, showing 55% and 83% (P,0.05) higher drug 

remaining 12 and 24  h after dosing, respectively. These 

Figure 4 Plasma concentration–time profiles of PRX in rats after IA administration 
of drug solution, conventional NPs, and E30-NPs at a dose of 0.2 mg/kg.
Notes: Vertical bars represent mean ± SD (n=6 from 0 to 12 h, and n=3 at 24 h). 
E30-NPs, NPs prepared with PLGA and Eudragit RL at the weight ratio of 7:3.
Abbreviations: IA, intra-articular; NPs, nanoparticles; PLGA, poly(lactide-co-
glycolic acid); PRX, piroxicam; SD, standard deviation.

Table 2 Systemic drug exposure following IA injections of drug 
solution, conventional NPs, or E30-NPs in rats

Parameters Drug  
solution

Conventional  
NPs

Cationic  
E30-NPs

AUC0–24 h (μg/mL) 51.8±6.1 40.1±7.8* 35.8±9.1*
Cmax (μg/mL) 3.70±0.43 2.28±0.41* 2.18±0.53*
Tmax (h) 0.80±0.27 2.80±1.79* 3.80±2.28*
t1/2 (h) 16.8±4.3 19.7±4.7 18.6±7.7

Notes: Values represent mean ± SD (n=6 from 0 to 12 h, and n=3 at 24 h). Statistical 
analysis was performed using the Student’s t-test (*P,0.05 versus drug solution). 
E30-NPs, NPs prepared with PLGA and Eudragit RL at the weight ratio of 7:3.
Abbreviations: AUC0–24 h, area under the plasma concentration–time curve; Cmax, 
maximum plasma concentration; IA, intra-articular; NPs, nanoparticles; PLGA, 
poly(lactide-co-glycolic acid); SD, standard deviation; t1/2, elimination half-life of the 
drug; Tmax, time to reach maximum plasma concentration.
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results are in line with earlier reports that cationic NPs func-

tionalized with chitosan or Eudragit RL have more prolonged 

retention in the joint after IA injection, as revealed by the 

higher fluorescence intensity in joints compared to solution 

or conventional NPs.9,25,30 Aggregate-forming behavior of the 

cationic NPs physically prevents the diffusion of the drug 

and/or drug-loaded carrier from the synovial cavity, whose 

boundary consists of a discontinuous layer of synoviocytes. 

Moreover, it is postulated that the positive surface charge of 

the NPs motivates their interaction with the immune system, 

which can lead to preferential uptake of NPs by phagocytic 

and/or nonphagocytic cells in synovial linings of the joint, 

compared to neutrally charged NPs.31

Conclusion
A cationic NP consisting of PLGA, Eudragit RL, and 

PVA was built to diminish systemic exposure and extend 

retention time of PRX in the joint after IA administration. 

The optimized NP, with a surface potential of .10  mV, 

promptly formed filamentous aggregates larger than 50 μm, 

by electrostatic interaction with anionic HA polymer. In vivo 

pharmacokinetic study in rats revealed that IA injection 

of the cationic NPs remarkably decreased systemic drug 

exposure compared to drug solution. Moreover, the amount 

of PRX in joint tissue after IA injection of the novel NPs 

was significantly more than by drug solution or neutrally 

charged NPs. Further investigations to estimate the local 

distribution of NPs in joint tissue, their local tolerability 

and/or toxicity, and a preclinical efficacy test are scheduled 

to develop this formulation for targeted delivery of PRX in 

osteoarthritic joints.
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