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Abstract

Oxaceprol is well-defined therapeutic agent as an atypical inhibitor of inflammation

in osteoarthritis. In the present study, we aimed to develop and characterize

oxaceprol-loaded poly-lactide-co-glycolide (PLGA) nanoparticles for intra-articular

administration in osteoarthritis. PLGA nanoparticles were prepared by double-

emulsion solvent evaporation method. Meanwhile, a straightforward and generally

applicable high performance liquid chromatography method was developed, and vali-

dated for the first time for the quantification of oxaceprol. To examine the drug car-

rying capacity of nanoparticles, varying amount of oxaceprol was entrapped into a

constant amount of polymer matrix. Moreover, the efficacy of drug amount on nano-

particle characteristics such as particle size, zeta potential, morphology, drug entrap-

ment, and in vitro drug release was investigated. Nanoparticle sizes were between

229 and 509 nm for different amount of oxaceprol with spherical smooth morphol-

ogy. Encapsulation efficiency ranged between 39.73 and 63.83% by decreasing oxa-

ceprol amount. The results of Fourier transform infrared and DSC showed absence

of interaction between oxaceprol and PLGA. The in vitro drug release from these

nanoparticles showed a sustained release of oxaceprol over 30 days. According to

cell culture studies, oxaceprol-loaded nanoparticles had no cytotoxicity with high bio-

compatibility. This study was the first step of developing an intra-articular system in

the treatment of osteoarthritis for the controlled release of oxaceprol. Our findings

showed that these nanoparticles can be beneficial for an effective treatment of oste-

oarthritis avoiding side effects associated with oral administration.
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1 | INTRODUCTION

Osteoarthritis (OA) is the most common joint disease, affects millions

of people in the world, causing a great socioeconomic burden

(Rehman et al., 2015; Tellier et al., 2018). OA resulted in chronic pain

and physical disability coupled with degeneration in cartilage tissue,

subchondral bone and synovium (Kim et al., 2016; Zhang, Ouyang,

Dass, & Xu, 2016). Oxaceprol (OXC) is an amino acid derivative (N-

acetyl-L-hydroxyproline) getting used in the therapy of degenerative

and inflammatory joint diseases including osteoarthritis and rheumatoid

arthritis (Bauer et al., 1999; Durg, Lobo, Venkatachalam, Rao, & Bhate,

2019; Veihelmann, Hofbauer, Refior, & Messmer, 2001). Its clinical
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efficacy is similar to the conventional nonsteroidal anti-inflammatory

drugs but its anti-inflammatory mechanism of action completely dif-

ferent. OXC hinders the inflammatory cascade by preventing leuko-

cyte and granulocyte infiltration into the joints, instead of inhibiting

the synthesis of prostaglandins (Herrmann et al., 2000; Kruger,

Klasser, Mossinger, & Becker, 2007). It also decreases leukocytes

adherence to the blood vessel endothelium, which provide the endo-

thelium integrity, and eventually leads to reduction of macromolecular

leakage (Harris, Schropp, & Messmer, 1998). According to in vivo

studies, OXC treatment achieved an impressive decrease in the

arthritic swelling of the knee and also provided the similar efficacy to

diclofenac sodium (Bauer et al., 1999; Herrmann et al., 2000) and

ibuprofen (Biehl, Bayer, & Schäferhoff, 1993; Vagt, Kaiser, &

Leineweber, 1990) with better safety and tolerability for the treat-

ment of knee and hip OA. Additionally, it has low incidence of gastro-

intestinal, cardiovascular and renal side effects, compared to NSAIDs

(Gu, Chen, Ding, & Zhang, 2011). Its recommended oral dose is

200–400 mg three times daily for a certain period (Ionac, Parnham,

Plauchithiu, & Brune, 1996).

Particularly, for the treatment of OA, intra-articular (IA) route is a

beneficial choice for the delivery of therapeutics to the affected joint

directly (He, Wang, Hu, & Zhao, 2017). High local drug concentrations

can be achieved at the site of action with lower administered dose

through IA route and hence, it can decrease systemic side effects and drug

interactions (Kang, Ko, Kim, & Im, 2014; Maudens et al., 2018). However,

IA administration is limited due to practical shortcomings including discom-

fort, pain and risk of infection (Ho, Kim, Choi, & Kang, 2018). Hence, utili-

zation of polymeric nanoparticles can be beneficial approach to achieve

extended drug release and therapeutic levels with a low frequency of

injection (Sulistio et al., 2017). Notably, in a recent study, IA injection of

OXC provides a significant enhancement in the treatment of OA in osteo-

arthritis rabbit model (Pawar, Francis, Hota, Peter, & Mitra, 2018).

Among the various biodegradable polymers for fabrication of

polymeric nanoparticles, poly-lactide-co-glycolide (PLGA) is a good

candidate for the encapsulation of OXC due to its well defined and

flexible formulation techniques (Danhier et al., 2012; D. Ding & Zhu,

2018). PLGA is also approved by the US Food and Drug Administra-

tion (FDA) and European Medicine Agency (EMA) to utilizing in drug-

delivery purposes (Chereddy, Vandermeulen, & Préat, 2016; Jose et

al., 2014) due to its biocompatible, biodegradable, and nontoxic prop-

erties (Eren et al., 2016; Ji et al., 2017). Moreover, the degradation

period of PLGA can be varied from days to months due to alteration

in its molecular weight and copolymer ratio (Martins, Sousa, Araújo, &

Sarmento, 2018). For their use in IA route, previously, Horisawa and

co-workers developed PLGA nanoparticles for IA injection, and

achieved prolonged efficacy in both arthritic rabbit and rat models

(Horisawa, Hirota, et al., 2002; Horisawa, Kubota, et al., 2002).

Here, we aimed to design and characterize OXC loaded PLGA

nanoparticles for IA injections in the treatment of OA to provide

sustained release of OXC and minimize injection frequency to improve

patient compliance. PLGA nanoparticles were fabricated by double-

emulsion method due to hydrophilicity of OXC (S. Ding, Serra,

Vandamme, Yu, & Anton, 2018; Sipahigil et al., 2012). Herein, first,

formulation variables including polymer amount, speed and duration of

homogenization were investigated to determine the optimum nanoparti-

cle formulation. Subsequently, different amounts of oxaceprol (30,

60, 150 mg) were encapsulated into this optimized nanoparticle formula-

tion to see drug carrier capacity of nanoparticles as well as the efficacy of

drug amount on nanoparticle characteristics such as particle size, zeta

potential, morphology, drug entrapment, and drug release. Meanwhile, a

high performance liquid chromatography (HPLC) method was developed

to determine the encapsulation efficiency and release behavior of OXC

nanoparticles. This proposed HPLC method was straightforward, easy

and quick to apply in pharmaceutical analysis to determine OXC amount.

Finally, the biocompatibility of these nanoparticles was demonstrated

using 2,3-bis(2-methoxy-4-nitro-5-sulfophenly)-5-([phenylamino] car-

bonyl)-2H-tetrazolium hydroxide test (XTT).

2 | MATERIALS AND METHODS

2.1 | Materials

OXC (molecular weight of 173.17 g/mol), PLGA with a 50:50 copolymer

ratio (molecular weight of 30–60 kDa), and 98% hydrolyzed polyvinyl

alcohol (PVA) (molecular weight of 72 kDa) was purchased from Sigma

Aldrich Inc. (St. Louis, MO). The XTT kit was provided from Biological

Industries Ltd. (Kibbutz Beit-Haemek, Israel). RPMI medium, fetal bovine

serum and penicillin–streptomycin were obtained from Gibco (Grand

Island, NY). All other reagents used were of analytical grade.

2.2 | Preparation of PLGA nanoparticles

OXC loaded PLGA nanoparticles were fabricated by double-emulsion

(W1/O/W2) solvent evaporation method, described elsewhere, using

different amounts of polymer and drug (Alarçin et al., 2018). Briefly, a

2 ml aqueous internal phase containing 30, 60, or 150 mg OXC was

emulsified in a 5 ml methylene chloride solution containing 300 mg

PLGA by homogenization (IKA T18 digital ULTRA-TURRAX, Germany)

at 12,000 rpm for 3 min. This primary emulsion was poured into 10 ml

of a 1.5% (w/v) aqueous PVA solution and followed by homogeniza-

tion at 8,000 rpm for 1 min. The obtained double emulsion was dis-

persed in 150 ml of a 0.5% (w/v) PVA solution under agitation for 2 h

using a propeller mixer (Janke & Kunkel IKA-WERK RE16, Germany)

to achieve completely evaporation of the organic solvent. The resul-

tant particles were separated by centrifugation at 30,000g for 30 min

at 4�C and washed three times with distilled water to remove

unloaded OXC and residual PVA. Finally, the obtained nanoparticles

were lyophilized (Christ, Alpha 1-2 LD Plus, Germany) for 24 hr.

2.3 | Nanoparticle morphology

The morphology of lyophilized nanoparticles was analyzed by a scan-

ning electron microscope (SEM) (JEOL/JSM-6335F, Japan) at an
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accelerating voltage of 10 kV. The nanoparticles were coated with

10 nm palladium/gold under vacuum before SEM analyses.

2.4 | Nanoparticle size and zeta potential
measurement

The mean particle diameter, polydispersity index and zeta potential of

nanoparticles were determined by dynamic laser light scattering at

room temperature (Malvern Zetasizer Nano ZS, UK).

2.5 | Infrared spectrophotometry (FTIR)

The Fourier transform infrared (FTIR; SHIMADZU, FTIR-8300, Japan)

analysis was employed to determine the chemical interaction between

OXC and PLGA. IR spectra of OXC, PLGA, physical mixture (1:1), and

fabricated nanoparticles were investigated at 400–4,000 cm−1

wavelength.

2.6 | Differential scanning calorimetry

Differential scanning calorimetry (DSC) thermal analysis was con-

ducted to determine the physical status of OXC entrapped in

nanoparticles. OXC, PLGA, physical mixture (1:1), and fabricated

nanoparticles were heated to 350�C with the heating rate of

10�C min−1 under a nitrogen atmosphere using Perkin Elmer, Jade.

Alumina was employed as a reference material.

2.7 | The production yield (%)

Nanoparticles were weighed accurately after lyophilization procedure,

and the production yield (%) was calculated using following equation

(Gupta et al., 2010):

2.8 | High performance liquid chromatography

2.8.1 | Chromatographic conditions

The concentration of oxaceprol was determined using HPLC system

consisted of Agilent 1200 series pump, diode array detector, ther-

mostatic column compartment, Agilent 1100 series automatic sam-

ple injector, and Chemstation data acquisition program (Agilent

Technologies, Santa Clara, CA). Hichrom Kromasil C8

(250 × 4.6 mm, 5 μm, 100 Å) analytical column was employed for

the analysis. The mobile phase comprising of 40 mM, phosphate

buffer solution adjusted to pH = 2.6 using o-phosphoric acid (A) and

acetonitrile (B). The elution of oxaceprol was achieved with linear

gradient elution of mobile phase as followed (v/v) 0 to 25% B,

0–7 min; 25 to 0% B, 7–9.5 min with 0.6 ml/min flowrate and 5 μl

injection volume at 25 ± 0.5�C. Detection of oxaceprol was carried

out at 208 nm detector wavelength. Sample solutions centrifuged at

30,000g for 30 min and filtered through 0.45 μm HDPE syringe fil-

ters before injections.

2.8.2 | Method validation

The proposed HPLC procedure was validated according to Interna-

tional Conference on Harmonization guidelines in terms of linearity,

limit of detection and quantification, precision, and accuracy of the

method (ICH Harmonised Tripartite Guideline, 2005.

Linearity

The linearity of calibration curve was obtained by six concentrations

of oxaceprol standard (4.00, 8.00, 12.00, 16.00, 24.00, 32.00 μg/ml)

with triplicate injections in three different days. Each peak area were

plotted against concentrations and the linearity described by least

squares regression analysis.

Limit of detection and limit of quantification

Limit of detection (LOD) and limit of quantification (LOQ) calculated

by using signal to noise (S/N) approach. The oxaceprol concentration

with S/N ratio above three was qualified as LOD and S/N above 10

considered as LOQ. The oxaceprol test solutions were injected into

system in triplicate in three different days.

Precision of method

Precision of method was performed by intraday (n = 3) and interday

(three injections in three different day in 1 week, n = 9) assays and

results reported in terms of relative SD. The concentrations of injected

solutions determined as low, medium, and high levels of the calibra-

tion curves.

Accuracy of method

Accuracy (recovery) of HPLC method was determined by standard

addition method at three levels (80, 100, and 120%). Known amount

of oxaceprol was added to preanalyzed nanoparticle sample solution

and injected three times for each level.

The production yield %ð Þ= Mass of nanoparticles recovered
Mass of polymer;drug;and other excipients used

×100
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2.9 | Encapsulation efficiency and drug loading

To determine drug content, 5 mg of nanoparticles were dissolved in

10 ml of DCM and then 10 ml of deionized water/methanol (1:1) was

added. The final solution was shaken on a shaker for 24 hr to leach

out oxaceprol entirely. This solution was centrifuged at 30,000g for

30 min for obtaining water phase to measure drug concentration. An

aliquot of 5 μl was used for HPLC analysis, as described before.

The oxaceprol content of nanoparticles was expressed as drug

encapsulation efficiency (%) and drug loading (%) according to the fol-

lowing equations (Barakat & Ahmad, 2008):

Encapsulation efficiency %ð Þ= Actual drug content in nanoparticles
Theoretical drug content

×100

Drug loading %ð Þ= Mass of drug in nanoparticle
Mass of nanoparticle recovered

×100

2.10 | In vitro drug release and release kinetic

Oxaceprol release studies were carried out by incubating

nanoparticles in phosphate buffer (PBS, pH 7.4) at 37�C in a water

bath under constant agitation at 100 rpm. At predetermined time

intervals, the tubes were centrifuged at 30,000g for 30 min at 4�C.

Then supernatant was separated for analysis. The same volume of

fresh buffer was replaced into the release tube immediately after each

sampling to maintain the oxaceprol concentration within sink condi-

tions. The supernatant was analyzed for oxaceprol content by the

HPLC method described previously.

The release mechanisms of oxaceprol from nanoparticles were

determined by evaluation of kinetic models, including zero order,

first order, Korsmeyer–Peppas, Higuchi, and Hixson–Crowell (see

Supporting Information Section 1 for details). Determination coeffi-

cient (R2) of the first 60% of drug release is used to assess the best-

fit model of drug release (England, Miller, Kuttan, Trent, &

Frieboes, 2015).

2.11 | In vitro cytotoxicity studies

The cytotoxic activity of free oxaceprol, oxaceprol-loaded nanoparticles,

and blank nanoparticles was evaluated using the colorimetric XTT assay.

Human lymphoblastoid cell lines (LCLs) from healthy consenting donors,

provided from the National Laboratory for the Genetics of Israeli

Populations (NLGIP; http://yoran.tau.ac.il/nlgip/), were used for cell cul-

ture experiments. Cells were cultured in RPMI medium supplemented

with 10% fetal bovine serum, antibiotics (100 U/ml penicillin; 100 μg/ml

streptomycin) and 2 mM extra L-glutamine (final concentration of

4 mM L-glutamine) at 5% CO2 and 37�C for 24 h. Briefly, LCLs were

seeded in 96-well plate at a concentration of approximately

2 × 105 cells/ml in culture media. The cells were further incubated with

drug loaded and drug free nanoparticles at equivalent drug concentra-

tion for 1, 10, 50 and 100 μg/ml in a volume of 10 μg PBS for 72 hr

(n = 4). The XTT experimental procedure was conducted according to

kit protocol and (Morag, Kirchheiner, Rehavi, & Gurwitz, 2010). The

absorbance of the free drug and nanoparticles was measured at a wave-

length of 450 nm (655 nm background) by using an Epoch microplate

spectrophotometer (BioTek Instruments).

2.12 | Stability studies of nanoparticles

The physical stability of the lyophilized nanoparticle was investigated after

6 month storage comparing to initial findings. Lyophilized nanoparticles

were stored at 5 ± 2�C (refrigerator) or 25 ± 2�C and 60% relative humid-

ity (RH). The particle size, polydispersity index, zeta potential, and drug

content were determined for stability evaluation. HPLC was performed

for detecting drug content as described previously.

2.13 | Statistical analysis

The results were presented as means ± SDs. in vitro characterization

studies were carried out in triplicate. In vitro cytotoxicity studies con-

ducted in four times. The Student's t-test was conducted for statistical

analysis and the threshold for statistical significance was at p < .05.

3 | RESULTS AND DISCUSSION

3.1 | Preparation of oxaceprol-loaded PLGA
nanoparticles

PLGA nanoparticles were successfully fabricated to obtain a matrix type

solid structure by employing W/O/W double-emulsion solvent evapo-

ration method. PVA, a FDA approved surfactant used in several delivery

systems, was used as a stabilizer during homogenization procedure for

the generation of nanoemulsion droplets without coalesces (Karagoz et

al., 2012; Martinez, Andrade, Durán, & Cavalitto, 2017). To form

nanoparticles, firstly an o/w primary emulsion was prepared, and then

droplet size was reduced using a homogenizer. In this method, hydro-

philic drug was dissolved in the inner aqueous phase of the emulsion to

achieve high encapsulation efficiency and prolong drug release. The

obtained primary emulsion was diluted in a second aqueous phase

under homogenization, which resulted in release of the energy for the

formation of the particles (Song et al., 2008). Subsequently, dic-

hloromethane was evaporated under constant agitation for the solidifi-

cation of obtained particles. Various formulation parameters including

polymer amount, homogenization speed and duration were investigated

to determine the optimized formulation coded with NP (see Supporting

Information Section 2 for details).

Subsequently, drug carrying capacity of PLGA nanoparticles was

examined by varying the amount of OXC to a constant amount of

polymer. For this purpose, three different amounts of OXC (30,
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60, and 150 mg) loaded into nanoparticles with a certain polymer to

drug ratio 1:0.1, 1:0.2, and 1:0.5, respectively. Herein, the formulation

codes were determined as LNP (for nanoparticles loaded with low

amount of OXC), MNP (for nanoparticles loaded with medium amount

of OXC), HNP (for nanoparticles loaded with high amount of OXC),

and also NP (for OXC free nanoparticles).

3.2 | Surface morphology, particle size, and zeta
potential

As shown in Figure 1a, SEM images demonstrated that NP, LNP,

MNP, and HNP coded PLGA nanoparticles had spherical shape with a

smooth surface morphology.

According to DLS measurements, average particle sizes of NP, LNP,

MNP, and HNP were found to be 93 ± 21, 229 ± 34, 335 ± 66, and 509

± 52 nm, respectively (Table 1, Figure 1b). Notably, particle sizes were

increased with an increase in drug amount probably due to more viscous

aqueous phase based upon high amount of oxaceprol resulted in incom-

plete dispersion of the phases (Mainardes & Evangelista, 2005). Zeta

potential values of particles were in range between −23 and −21 mV

indicating the stability of nanoparticles due to electrostatic repulsion

forces which prevent particle aggregation (Alarçin et al., 2018).

3.3 | Physiochemical properties of nanoparticles

Figure 2a demonstrates the FTIR spectra of PLGA, OXC, physical mix-

ture of PLGA and OXC (1:1), and OXC loaded formulations. IR spectra

of OXC showed C─H stretching at 2,944 and 2,870 cm−1, C─N

stretching at 1,280 cm−1, and C═O stretching at 1,608 and

1,735 cm−1. The characteristic peak of PLGA was observed at

1,746 cm−1 due to C═O stretching. IR spectra indicated that the phys-

ical mixture showed no differences in the position of the main peaks

of OXC, PLGA, and PLGA nanoparticles exhibited the same character-

istic peaks of polymer.

TABLE 1 Formulation characteristics of free and OXC loaded PLGA nanoparticles

Code

Polymer to

drug ratio

Mean particle

size (nm ± SD)

Polydispersity

index (nm ± SD)

Zeta potential

(mV ± SD)

Production

yield (% ± SD)

Encapsulation

efficiency (% ± SD)

Drug loading

(% ± SD)

NP – 93 ± 21 0.38 ± 0.09 −21 ± 1.2 72.42 ± 4.1 – –

LNP 1:0.1 229 ± 34 0.3 ± 0.14 −23 ± 1.1 69.05 ± 3.8 63.83 ± 2.1 8.94 ± 0.2

MNP 1:0.2 335 ± 66 0.3 ± 0.1 −22 ± 1.3 58.25 ± 2.6 57.36 ± 2.3 16.22 ± 1.8

HNP 1:0.5 509 ± 52 0.26 ± 0.11 −21 ± 1.1 35.03 ± 2.1 39.73 ± 3.6 56.31 ± 3.7

Note: Particle sizes were given as number.

Abbreviations: HNP, nanoparticles including high amount of OXC; LNP, nanoparticles including low amount of OXC; MNP, nanoparticles including medium

amount of OXC; NP, free PLGA nanoparticles.

F IGURE 1 (a) Scanning electron micrographs and (b) particle size distribution of PLGA nanoparticles including NP (for oxaceprol free
nanoparticles), LNP (for nanoparticles including low amount of OXC) MNP (for nanoparticles including medium amount of OXC), and HNP (for
nanoparticles including high amount of OXC) coded formulations
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A DSC analysis was performed for the investigation of physical sta-

tus of OXC in the formulated PLGA nanoparticles, and also PLGA–OXC

interaction during nanoparticle preparation process. Figure 2b shows

DSC thermograms of PLGA, OXC, PLGA/OXC physical mixture (1:1),

OXC-loaded PLGA nanoparticles (HNP, MNP, and LNP). It is demon-

strated that two endothermic peaks were found for OXC at 75.97 and

137.19�C, and one endothermic peak for PLGA at 48.58�C. In regard to

the physical status of OXC in the PLGA nanoparticles fabricated, the

endothermic peaks of the OXC were not observed in the thermograms

of OXC-loaded PLGA nanoparticles. This refers that OXC was not phys-

ically adsorbed onto the surface of nanoparticle and entrapped in PLGA

matrix (Holgado et al., 2008). There was no drug melting peak observ-

able in the DSC curve of all OXC loaded PLGA nanoparticles indicating

that OXC was present in a noncrystalline state (Corrigan & Li, 2009;

Souillac & Rytting, 1999). With accordance with FTIR results, it can be

concluded that there is no interaction between OXC and PLGA; and

also OXC was entrapped into polymer matrix successfully.

3.4 | HPLC validation

To assess OXC amount in nanoparticles, an effective, simple and rapid

HPLC method was developed for the first time. Method validation was

employed to prove that the newly developed method is applicable for

its proposed use (ICH Harmonised Tripartite Guideline, 2005). The

results of method validation were summarized at Figure S2a.

The linearity of calibration curve was investigated between 4 and

32 μg/ml. The calibration curve was obtained by plotting peak area

ratio against concentrations. The regression equation was found

y = 16.766x − 20.65 and the regression coefficient (R2) was found

0.9998 according to regression analysis indicating a strong correlation

between the peak areas and concentrations (Figure S2b).

LOD and LOQ were evaluated by using signal/noise (S/N) ratio

wherein the OXC concentration of S/N ratio above three was

considered as LOD and S/N above 10 determined as LOQ. LOD and

LOQ results of oxaceprol were 0.75 and 1.4 μg/ml, respectively.

The intraday and interday precision were evaluated on three dif-

ferent concentration levels. The relative standard deviation (RSD) of

interday precision was 0.72% and the RSD of intraday precision was

1.19%. Therefore, proposed method demonstrated the suitable preci-

sion with RSD lower than 2%. Additionally, the retention time (RT)

was provided with the injection of the standard solution in series

(n = 10) and determined as 9.47 ± 0.01.

The accuracy was obtained by the recovery of known amounts of

OXC at three levels. The accuracy percentages were calculated by

comparing the concentration values found for each level to the theo-

retical values assayed (supposed to be 100%). Accuracy percentages

were found to be between 99.78 and 100.53%. Particularly, the RSD

of obtained results were lower than 2 which fulfills the accuracy

criteria of FDA (Shabir, 2003).

3.5 | The production yield, drug loading, and
entrapment efficiency

The production yield of NP, LNP, MNP, and HNP were determined as

72.42% ± 4.1, 69.05 ± 3.8, 58.25 ± 2.6, and 35.03 ± 2.1, respectively.

To evaluate the drug entrapment capacity of PLGA nanoparticles, the

encapsulation efficiency and drug-loading capacity were determined.

Notably, OXC entrapment efficiency and drug loading (%) was governed

by initial OXC amount and particle size. Entrapment efficiency changed

from 63.83 to 39.73% by the increase in initial drug amount from 30 to

150 mg. However, drug loading (%) increased from 8.94 to 56.3% by

increasing drug amount as shown in Table 1. The solid polymer matrix

has a limited capacity to entrap certain drug molecule. Hence, further

increase in the OXC concentration exceeding a threshold resulted in

more drug loss during fabrication process and led to decrease in encap-

sulation efficiency (Bal Öztürk, Cevher, Pabuccuo�glu, & Özgümüş,

F IGURE 2 (a) FTIR spectra and (b) DSC thermograms of PLGA, oxaceprol, PM (physical mixture of PLGA and oxaceprol) (1:1), HNP (for
nanoparticles including high amount of OXC), MNP (for nanoparticles including medium amount of OXC), and LNP (for nanoparticles including
low amount of OXC) coded formulations
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2018; Dong & Feng, 2004). Furthermore, the encapsulation efficiency

found to be enhanced with the increasing diameter of nanoparticles in

the accordance with literature (Mainardes & Evangelista, 2005).

3.6 | In vitro drug release and release kinetic

In drug release studies, a biphasic release pattern was obtained from LNP,

MNP and HNP formulations with an initial burst release, followed by a

sustained release of remaining drug as seen in Figure 3. The initial burst

release of oxaceprol from nanoparticles was due to both from molecules

weekly bound to the surface of the nanoparticles and the diffusion of

molecules located near to surface of nanoparticles (Sokol et al., 2018).

Particularly, burst release was beneficial to obtain initial therapeutic con-

centration of OXC. Herein, the higher OXC amount led to higher initial

burst release and 50% of OXC release was accomplished after 2, 4, and

9 days for HNP, MNP, and LNP, respectively. After day 30, the cumula-

tive release percentages from HNP, MNP, and LNP were calculated as

89.57, 78.93, and 63.21%, respectively. Based on these results, OXC was

released in a sustained manner for all formulations which is attributed to

the slow degradation rate of PLGA (Anderson & Shive, 2012). Overall, it

is important to note that OXC release rate was affected by the amount of

entrapped drug and particle size. The higher drug-loading capacity

resulted in a faster release rate due to concentration gradient and thus

nanoparticles with lower OXC amounts achieved a release trend in a

more sustained manner. Additionally, according to previous literature deg-

radation rate of larger particles was fastest because of both autocatalytic

effects and length of diffusion path (Dillen, Vandervoort, Van den

Mooter, & Ludwig, 2006; Dunne, Corrigan, & Ramtoola, 2000). It is also

corresponded well with the present study because larger nanoparticles

(HNP) degraded fast and thus resulted in fastest release.

OXC release kinetics from PLGA nanoparticles were fitted into

kinetic models, including zero order, first order, Korsmeyer–Peppas,

Higuchi, and Hixson–Crowell. The first 60% of drug release is used to

determine the best-fit model (England et al., 2015). The kinetic model

was determined according to determination coefficient. Table 2 dis-

plays determination coefficient values for each kinetic model. The

release kinetics of HNP, MNP, and LNP were best fit into Higuchi and

Korsmeyer–Peppas model with higher correlation value rather than

others. Higuchi square root model refers to diffusion controlled

release (Chaudhary & Kumar, 2014). The release exponent value (n)

obtained from Korsmeyer–Peppas, was between 0.5717 and 0.6673,

indicating “Non-Fickian Diffusion Transport” mechanism of drug

release. It describes the release mechanism based on both diffusion

and erosion. Notably, the diffusion could be ascribed to the genera-

tion of potential gradient of drug molecule, while erosion attributed to

stress conditions (Altındal & Gümüşderelio�glu, 2016).

3.7 | Cytotoxicity

The cytotoxicity of drug-delivery systems is an important parameter

for their potential application. In this respect, the cellular viabilities of

OXC loaded nanoparticles were determined by XTT assay and com-

pared with a free OXC solution and OXC free nanoparticles at various

concentrations including 1, 10, 50, and 100 μg/ml to evaluate dose

TABLE 2 Kinetic parameters obtained from model equations for OXC release from LNP, MNP, and HNP coded PLGA nanoparticles

Release models

Zero order First order Korsmeyer–Peppas Higuchi square root Hixson–Crowell

Code r2 k0 (hr
−1) r2 k1 (hr

−1) r2 n r2 k (%hr−0.5) r2 k (%hr−1/3)

LNP 0.8522 0.1371 0.9174 0.0009 0.954 0.6673 0.9691 3.211 0.8972 0.0029

MNP 0.9231 0.3606 0.9708 0.0025 0.9911 0.5717 0.992 4.9969 0.958 0.0076

HNP 0.9633 0.9193 0.9953 0.0067 0.9969 0.6152 0.9986 7.312 0.9916 0.0199

Abbreviations: HNP, nanoparticles including high amount of OXC; LNP, nanoparticles including low amount of OXC; MNP, PLGA nanoparticles including

medium amount of OXC; NP, Free PLGA nanoparticles.

F IGURE 3 Cumulative release of oxaceprol from HNP, MNP, and
LNP coded PLGA nanoparticles in pH 7.4 phosphate buffer for
1 month at 37�C. HNP, MNP, and LNP stands for including high,
medium, and low amount of OXC, respectively. Results are presented
as means ±SDs (n = 3)
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depended response (Figure 4). LCLs from unrelated healthy individuals

have been utilized as useful tools for searching drug-response bio-

marker (Morag et al., 2010; Vincent et al., 2012). The cellular viability

of free OXC was 89.84 and 75.2% for 1 and 100 μg/ml concentrations,

respectively. The cellular viability of drug free PLGA nanoparticles was

more than 90% even at the highest concentration indicating the bio-

compatibility of PLGA and no residue of organic solvent with an accor-

dance to previous literature (Tansık, Yakar, & Gündüz, 2014).

Moreover, for each concentration level, cells treated with oxaceprol-

loaded nanoparticles exhibited higher viability than those cells treated

with free oxaceprol. The viability of cells was above 80% for OXC

loaded formulations (LNP, MNP, HNP) even at 100 μg/ml concentra-

tions. It was clearly indicated that OXC loaded PLGA nanoparticles had

no cytotoxicity and exhibited high biocompatibility.

3.8 | Stability

To evaluate the physical stability of lyophilized oxaceprol-loaded

PLGA nanoparticles, nanoparticles were stored at 5 ± 2 and 25 ± 2�C

for 6 months period. Subsequently, particle size, zeta potential, and

loading efficiency were evaluated compared to initial findings

(Table 3). There was no significant difference in initial values of parti-

cle sizes over storage for 6 months at 5 and 25�C (p > .05). Polydis-

persity indexes were less than or equal to 0.6 for all formulations.

Lyophilized LNP, MNP, HNP coded nanoparticle formulations can be

redispersible in both water and PBS easily even after 6 months for

both 5 and 25�C. To further confirm oxaceprol content under differ-

ent storage conditions, drug-loading percentages were assessed over

6 months using HPLC. OXC amount was >95% for all formulations

compared to initial OXC amount (p > .05). Based on these findings,

these nanoparticle formulations were resuspendable with a suitable

particle size and drug content for IA injection in the OA treatment

even after 6 months.

4 | CONCLUSION

OXC had been shown as the effective choice in the treatment of OA

avoiding side effects of NSAIDs. However, it is difficult to achieve thera-

peutic concentration of drugs in the joint. Thus, localized IA delivery of

therapeutics can be a beneficial strategy in the management of OA. In

this study, a hydrophilic drug, oxaceprol was successfully entrapped into

PLGA nanoparticles using W/O/W double-emulsion solvent evaporation

method for IA injection in the treatment of OA. Moreover, a straightfor-

ward and rapid HPLC method was established, and also validated for the

quantification of OXC for further drug loading and release studies. Dif-

ferent amount of OXC was entrapped into a constant amount of poly-

mer matrix in order to investigate the drug carrying capacity of

nanoparticles. The results indicated that drug release kinetics was closely

associated with drug loading and particle size. Higher drug loading and

larger particle size resulted in fastest drug release. Finally, according to

XTT analysis on LCLs, developed OXC loaded nanoparticles had no cyto-

toxicity. The present study introduces an initial step of developing

nanoparticles for IA injection in the OA treatment and it was expected

that after further in vivo studies, these nanoparticles could be used in

clinic for a safe and effective therapy of OA.
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