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Abstract 

We have synthesized new lipidic prodrugs of diclofenac by grafting aliphatic chains (C10, 

C12, C16 and C18) to diclofenac through an ester bond.  Their molecular formulas were 

confirmed through HR-MS and the formation of ester bond by FTIR and NMR spectroscopy. 

Nanoparticles of the different prodrugs were successfully formulated using emulsion 

evaporation method and DSPE-PEG2000 as the only excipient. All nanoparticles were spherical 

and had a size between 110 and 150 nm, PdI ≤ 0.2 and negative Zeta potential values from -

30 to -50 mV.  In addition, they were stable upon storage at 4°C up to 30-35 days. The 

encapsulation efficiency of the prodrug was above 90% independently of the aliphatic chain 

length grafted. Nanoparticles did not induce any toxicity on LPS-activated THP1 cells up to a 

concentration of 100 μg/mL (equivalent diclofenac) whereas diclofenac sodium salt IC50 was 

around 20 μg/mL. Following incubation of nanoparticles with LPS-activated THP1 cells, a 

dose dependent inhibition of TNF-α was observed comparable to standard diclofenac 

sodium. Based on in vitro studies representative nanoparticles, Prodrug 3 NPs (C16 aliphatic 

chain) were selected for further in vitro and in vivo studies. Upon incubation in murine 

plasma, Prodrug 3 NPs underwent an enzymatic cleavage and almost 70 % of diclofenac was 

released from nanoparticles in 8 hours.  In vivo studies on a collagen induced arthritis murine 

model showed contrasted results: on one hand Prodrug 3 NPs led to a significant decrease of 

arthritis score and of paw volume compared to PBS after the second injection, on the other 

hand the third injection induced an important hepatic toxicity with the death of half of the 

mice from the NP group. To promote the reduction of inflammation while avoiding hepatic 

toxicity using NPs would require to precisely study the No Observable Adverse Effect Level 

and the schedule of administration in the future. 

  



1. Introduction 

Rheumatoid arthritis (RA) is a chronic autoimmune disease where stiffness, swelling 

and destruction of joints occurs.  The worst impacts of RA include the possibility of 

disability, a 10-year decrease in life expectancy, increased angiogenesis, and a lower 

quality of life.  It affects 0.3 to 2.6% of population (Alamanos et al., 2006; Andrianakos 

et al., 2006; Carmona et al., 2002; Jacobs et al., 2011; Langley et al., 2011; Myasoedova 

et al., 2020; Neovius et al., 2011). The exact origin of RA is unknown but certain 

environmental and genetic factors may lead to this pathology (Mellado et al., 2015). 

Currently treatments of RA rely on glucocorticoids, disease-modifying anti-rheumatic drugs 

(DMARDs) (e.g. methotrexate), targeted DMARDs (e.g. Janus kinase inhibitors) biological 

DMARDs among which tumor necrosis factor TNF-α inhibitors or even non-steroidal anti-

inflammatory drugs (Chatzidionysiou et al., 2017). Once administered, the drugs distribute at 

the pathological sites but also in healthy tissues, leading to unwanted side-effects. Indeed, 

drugs with undesired pharmacokinetic parameters, short half-life, rapid elimination, 

and large volume of biodistribution lacks efficacy due to poor accumulation of the 

drug in the desired inflamed sites. To better target inflamed sites by taking advantage of 

the specific physiopathology of inflamed tissues such as their enhanced vascular 

permeability, nanomedicines can be considered. By passive diffusion nanomedicines can 

accumulate in inflamed joints and improve anti-inflammatory activity while avoiding high 

doses and thus side- effects (Dolati et al., 2016; Lorscheider et al., 2019b; Ozbakir et al., 

2014). Many nanomedicines works on RA focused on the encapsulation and delivery of 

glucocorticoids while less attention is given to NSAIDs (Al-Lawati et al., 2019).  

In this study, we have synthesized new prodrugs of a well-known NSAID, Diclofenac by 

grafting alkyl chains of different lengths (from C10, C12, C16 or C18) to Diclofenac by 

esterification. The four prodrugs synthesized  and their corresponding spectra are reported 

for the first time in the literature. Prodrugs were then formulated into nanoparticles by 

sole addition of DSPE-PEG2000 as an excipient using a simple emulsion-evaporation 

process recently patented for glucocorticoids (Lorscheider et al., 2019b). This process 

was shown to yield higher drug loading for glucocorticoids (> 50%) than physical 

encapsulation into liposomes or polymer nanoparticles (Lorscheider et al., 2019a). To the 

best of our knowledge, testing this strategy with a NSAID such as Diclofenac was never 

reported and would shed light on the ability to extend the process to other drugs than 

glucocorticoids. Nanoparticles were physico-chemically characterized by dynamic light 

scattering, zeta potential measurements, and electronic microscopies. UPLC was 

employed to quantify prodrug encapsulation efficiency. Alamar blue assay was 

performed to analyze in vitro cytotoxicity on THP-1 cell line. The anti- inflammatory 

activity of nanoparticles was tested by ELISA on LPS activated THP-1 cells, Finally, 

nanoparticles obtained with C16 prodrug were injected in a model of collagen induced arthritic 

mice, to evaluate their anti-inflammatory activity in vivo.    

 

 

  



2. Material and methods 

2.1 Materials 

Diclofenac Sodium, 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC 

HCl), Dimethylamine pyridine (DMAP), Dimethylformamide (DMF), D-Glucose, 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and RPMI-1640 were bought 

form Sigma Aldrich, USA.  Decyl alcohol, lauryl alcohol, cetyl alcohol and stearyl alcohol 

were bought form Daejung Reagent Chemicals, Korea. Likewise, Ethanol from J.T. Baker, 

USA, Dichloromethane, Chloroform from VWR Chemicals, France and FBS (PAA  

Laboratories, Austria), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[amino(polyethylene glycol)-2000] (DSPE-PEG2000, 880120P of  Avanti Polar Lipids.Inc.), 

2- mercaptoethanol (Biomedicals, France); Sodium  Pyruvate  (Gibco, USA), PMA and 

BSA( Biomedicals, France) Lipopolysaccharide B of E. coli 0111:B4 (LPS) (DIFCO, USA), 

flat bottom 96-well tissue culture plates (Corning, USA), Human TNFα-DuoSet ELISA Kit 

(R&D Systems, USA), clear flat bottom 96-well microplates (Minneapolis, USA), PBS 

tablets (Bio globe, USA), and Tween 20 (Minneapolis, USA).  

 

2.2 Diclofenac Prodrugs Chemical Synthesis 

Diclofenac acid (0.25 mM, 74.03 mg) was first dissolved in dichloromethane (DCM) (10 

mL) in a round-bottom flask (250 mL) under magnetic stirring. After adding 30.54 mg 

(0.25 mM) DMAP and ice-cooling the mixture to 0°C when it became clear, 51.7 mg 

(0.275 mM) EDC was added  (Tsakos et al., 2015). The desired fatty alcohol reagent (0.5 

mM) (1-decanol 98.18 µL, 1-dodecanol 112 µL, cetyl alcohol 121.22 mg, and stearyl 

alcohol 135.24 mg, respectively, for the desired reaction) was added to this reaction 

mixture. Reaction was left for completion (24 h). Thin layer chromatography (TLC) 

confirmed   completion of reaction followed by workup using brine water and three 

times extraction with DCM. Utilizing column chromatography and the DCM: Hexane 

(30:70) solvent system, the product was purified. The structural elucidation of prodrugs 

was accomplished using the Advance Bruker 500MHz NMR, EI-MS/HR-EIMS, and FTIR 

Bruker Vector 22 techniques.   

The prodrugs synthesized are Diclofenac decyl ester (1) EI-MS: m/z 435.3 [M]+, 437.3, 

[M+2] +, Diclofenac Lauryl Ester (2) EI-MS: m/z 465.2 [M+2] +, 463.2 [M]+, Diclofenac 

hexadecyl ester (3) EI-MS: m/z519.3 [M]+, 521.3 [M+2] +, Diclofenac octadecyl ester (4) 

EI-MS: m/z 547.3 [M]+, 549.3 [M+2] +, Diclofenac ethyl ester (5) EI-MS: m/z 423.1 [M]+ 

325.1 [M+2] + and Diclofenac butyl ester (6) EI-MS: m/z 353.1 [M+2] +, 351.1 [M]+. See 

in Supporting Information S1.  

 

2.3 Formulation of Diclofenac prodrugs as nanoparticles (NPs) 

Nanoparticles were prepared via an emulsion-evaporation process. DSPE-PEG2000 is used 

as excipient to avoid Diclofenac recrystallization and ensure formation of stable 

nanoparticles with maximal encapsulation of prodrugs (Gaudin et al., 2014; Leng et al., 

2014; Lorscheider et al., 2019a; Maksimenko et al., 2014; Quan et al., 2014). The 



lipophilic prodrug(s) (25 mg) and DSPE-PEG2000 (12.5 mg) were dissolved in 1 mL 

chloroform at a 2:1 prodrug to DSPE-PEG2000 ratio (w:w). The prodrug and DSPE-PEG2000 

mixture was injected into 5 mL of deionized water that pre-chilled (4 °C) and then 

vortexed for 30 s to form a crude emulsion. Following that, 3 minutes of probe 

sonication (Sonics, Ultrasonic processor, Vibra-Cell, model: VCX130PB, USA) was 

conducted. A rotary evaporator with a bath temperature of 60 °C was then used to 

evaporate the organic solvent, at a pressure of 300 mbar, initially for the first 30 

minutes, and then a pressure of 200 mbar for the following 30 minutes. The final 

suspension volume was then completed to 5 mL and kept at room temperature and 4 °C 

until further examination. 

2.4.  Dynamic Light Scattering (DLS) 

Using a NanoZetaSizer ZSP (Malvern) and a He-Ne laser of 4 mW as light source 

operating at 633 nm, DLS measurements were carried out after dilution 20 times in 

deionized water. The sample was allowed to equilibrate for 60 s at 25°C for all 

measurements, which were done in automatic mode. After dilution (20 times) in a 1 mM 

NaCl solution, NPs zeta potential was assessed using disposable folded capillary cells 

(DTS1070). 

 

2.5.  Scanning Electron Microscopy (SEM) 

The samples were analyzed by scanning electron microscopy (Apreo 2 C, Lovac, 

ThermoScientific) at ICCBS, University of Karachi. Liquid samples were deposited onto a 

carbon tape surface then dried and coated with a thin gold layer using a sputter coater.  

 

2.6.  Transmission Electron Microscopy (TEM) 

Prodrug 1-4 NPs were examined using a MET JEOL 1400 TEM (80KV) at I2BC (CNRS, Gif-

sur-Yvette, France). 5 µL of a nanoparticle suspension were deposited for 40 s on copper 

grids coated with 400 mesh formwar and blotted of using Whatman filter paper. 

Samples were then negatively stained with uranyl acetate (2% w/w) and blotted again. 

Pictures were taken using an Orios Camera. 

 

2.7.   Determination of encapsulation efficiency (EE) of prodrugs in NPs 

To distinguish between non-encapsulated prodrugs and prodrugs in nanoparticles, 

ultracentrifugation was performed using Sorvall WX+ (ThermoFisher Scientific) 

ultracentrifuge at 35000 rpm for 4 hours at 4 °C. Following separation of the 

supernatant and the pellet, the supernatant was freeze-dried before analysis. 500 µL of 

nanoparticle suspension was also freeze-dried for quantification. UPLC (Agilent 

Technologies) connected to a PDA detector was used to quantify prodrug in supernatant 

and NPs. PDA detection was carried out at a wavelength of 281 nm. The stationary 

phase used, ECLIPSE XDB-C8 (3 x 30 mm, 1.8 µm), was eluted for 5 minutes at a flow 

rate of 0.5 mL/min with varied polarity for each prodrug as shown below in Table-1 in 

supporting file S1. Acetonitrile (0.1% trifluoracetic acid) and H2O (0.1% trifluoracetic 



acid) were employed as the mobile phase. To provide an adequate concentration within 

the calibration curve, the freeze dried supernatant and nanoformulations were 

dissolved in 100% ACN. Each sample was injected in a volume of 3 µL, and the run time 

was set to 5 minutes. Concentrations between 0.1 and 750 µg/mL were prepared to 

create calibration curves for quantification, and a standard calibration curve was 

created for each prodrug followed a linear model, Prodrug 1 (y= 5.5757x 1.7046 and R2= 

0.9994), Prodrug 2 (y= 5.8462x – 14.635 and R2= 0.9995), Prodrug 3 (y = 5.0521x + 

6.9091 and R2 = 0.9999) and Prodrug 4 (y= 3.9727x + 3.8145 and R2= 0.9996). 

 

2.8.  In vitro drug release in mice plasma 

1900 μL of murine plasma were taken in an Eppendorf tube, 100 μL of prodrug 3 NPs 

were added and incubated at 37 °C upon gentle agitation for different times up to 48 h 

(Lorscheider et al., 2019b). 200 µL of sample was taken out from the Eppendorf at 

different interval of time till 48 h. The sample was then extracted with acetonitrile (800 

µL) containing diclofenac ethyl ester as internal standard to determine the extraction 

efficiency of the system. The sample was vortex vigorously for 3 minutes to precipitate 

out enzymes/proteins present in plasma. Then, centrifugation was performed at 

14500 rpm for 10 min. The supernatant organic phase was collected and Diclofenac was 

immediately quantified by UPLC connected to PDA detector to avoid further 

degradation of the prodrug. PDA detection was carried out at a wavelength of 281 nm. 

Acetonitrile and H2O, used as the gradient-based mobile phase, were eluted from the 

employed column, ECLIPSE XDB-C8 (3 x 30mm, 1.8µm), for 14 minutes at a flow rate of 

0.4 mL/min. Calibration curve was established for Diclofenac from concentration range 

of 1 µg to 100 µg with regression curve value of 0.9982, y= 6.5014 + 12.911. Retention 

times were 1.2 min for diclofenac and 5.9 min for prodrug 3.  

 

2.9.  NPs toxicity on cells 

The Alamar blue assay was used to determine the cytotoxicity of NPs and parent drug 

on the THP-1 cell line. Cell culture medium used was 10% RPMI and cell providers were 

ECACC. Cells were plated at a seeding density of 1x105 cells per milliliter. The cells were 

exposed to a 3 concentrations of parent drug or NPs as equivalent parent drug (1, 10, 

and 100 µg/mL) for 24 hours. After adding 10 µL of Alamar blue dye to each well, the 

plate was incubated for an additional 24 hours. Readings were taken in a 

spectrophotometer at wavelengths of 570 nm and 600 nm. 

 

2.10.  In Vitro Studies on against prominent proinflammatory cytokines 

As different studies have been carried out in literature for analysis of in vitro efficacy of 

diclofenac and its nanoparticles (Al-Amin et al., 2013; Assali et al., 2021, 2018), the THP-

1 cell line was used and the secretion of pro-inflammatory TNFα cytokine quantified. In 

addition to 10% fetal bovine serum (FBS), L-glutamine, 50 µmol, 2 mM/L 

mercaptoethanol, 5.5 mmol glucose, and HEPES (4-(2-hydroxyethyl)-1-piperazine-



ethane-sulfonic acid) 10 mM/L, THP-1 cells were grown in RPMI-1640. Cells were 

collected and plated in a 24-well cell culture plate at a density of 2.5 x105 cells/mL once 

they had reached 70% confluence. 20 ng/mL phorbol myristate acetate (PMA) was 

added to the cells to differentiate them, and they were then incubated overnight at 37 

°C in a 5% CO2 incubator. After incubation, 50 ng/mL of E. coli Lipopolysaccharide (LPS) 

was added to the cells to activate them, followed by treatment with free diclofenac or 

prodrugs NPs at equivalent diclofenac concentrations of 1, 10, and 100 µg/mL for 24 

hours at 37 °C in an incubator with 5% CO2. The cell supernatant was collected in 

Eppendorf tubes and kept at -20°C. The manufacturer's recommendations were 

followed while utilizing a human ELISA kit for TNFα. Negative and positive control were 

detailed as C= non treated cells and C+P+L= cells treated with PMA and LPS, 

respectively. Cytokine inhibition percentage was calculated as [100-(conc. of 

sample/conc. of C+P+L)] x100. 

  

2.11. In Vivo Studies on Collagen-induced arthritis murine model 

In vivo experimental procedures using DBA/1OlaHsd mice were approved by the ethical 

committee No 026 and the French ministry of education and research (Accepted 

protocol No 2842-2015110914248481_v5). Male DBA/1OlaHsd mice, 6-8 weeks old, 15-

22g, were purchased from Envigo (Gannat, France) and let for one week after the 

reception for adaptation before starting the experiments. The mice were housed with 

access to water and food ad libitum and maintained at a constant temperature (19-

22°C) and relative humidity (45-65%). 

The collagen-induced arthritis model was performed as follows. In brief, complete 

Freund’s adjuvant and chicken type II collagen dissolved in diluted acetic acid were 

mixed at a 1:1 ratio (v:v). This mixture was emulsified into a creamy emulsion using a 

tissue homogenizer. On day 0, after anesthesia with isoflurane, mice were injected with 

50 μL of the emulsion at the tail base intradermally. A second injection (boost) was 

performed on day 21. After the second injection, mice were monitored every 2 days, 

including weight, hind paw volume, and arthritis scoring. The scoring criteria are 

described below.  

0 = normal, 1 = one or two digits inflamed (red and thickened), 2 = all of the digits 

inflamed (red and thickened) and moderate swelling of the foot, 3 = redness and 

increased swelling of ankle and foot, 4 = severe swelling of whole paw and digits. The 

hind paw volume was measured using a plethysmometer (Harvard Apparatus). 

On day 30, most mice showed apparent symptoms of arthritis. Mice were assigned to 3 

groups to equalize the sum of the scores of each group. On day 31, the mice were 

injected into the iliac plexus vein under isoflurane anesthesia with either 200 μL of PBS, 

200 μL of Diclofenac sodium salt (10mg/kg), 200 μL of Diclofenac Prodrug 3 NPs 

(10mg/kg equivalent Diclofenac). Injections were repeated on days 33 and 35. 

 

2.12 Statistical analysis 



Statistical analysis was performed using 2-way ANOVA and Dunnet post comparison tests 

using GraphPad Prism software. 

  

  



3 Results and Discussion 

3.1 Chemical Synthesis and Structural Characterization of Prodrugs of Diclofenac 

All of the prodrugs of Diclofenac synthesized as detailed in Scheme 1 were analyzed by NMR, 

EI-MS/HR-EIMS and FTIR techniques. The molecular formula of the prodrugs (1-4) was 

validated by HR-MS. Additionally, FTIR was used to establish the formation of the ester 

bond. The results were compared to those obtained for the Diclofenac (Figure-1).  
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 Scheme 1: Diclofenac prodrugs (1-4) with ester linkage of different aliphatic chain lengths. 

 

Prodrug 1: Decyl 2-(2-((2,6-dichlorophenyl) amino) phenyl) acetate (1) 

The molecular formula C24H31Cl2NO2 was determined from the EIMS of prodrug 1 and the 

HREI-MS, which revealed M+ at m/z 435.1732 with Δ ppm -1.4 and suggested a decreased 

double bond value of 9 (Calculated Molecular Weight (MW) 435.1725). Sharp bands may be 

seen in the IR spectrum at 3454 cm -1 (NH) and at 2926.5-2854.1 cm -1 typical signature of the 

C-H of grafted aliphatic carbon chain. Moreover, a robust band at 1719 cm -1 (COOR) 

indicating the presence of ester carbonyl group. The compound's 1H, and 13C-NMR chemical 

shifts revealed characteristic peaks for 24 carbons, including 10 aliphatic carbons, one 

methyl carbon [H 0.85 (t) J(9ʹ, 10ʹ)) = 8.8Hz H-10 ʹ] and one oxygenated methyl [H 4.11 t, J(2ʹ, 1ʹ)) 

= 8.5Hz, 2H, CH2-OCO H-1ʹ]= 8.5Hz, 2H, CH2-OCO H-1]. The prodrug 1's detailed 

spectroscopic data is given in Supporting Information S1.  

Prodrug 2: Dodecyl 2-(2-((2,6-dichlorophenyl) amino) phenyl) acetate (2) 

The molecular formula C26H35Cl2NO2 was determined from the EIMS of prodrug 2 and the 

HREI-MS, which revealed M+ at m/z 463.2045 with Δ ppm -0.8 and suggested a decreased 

double bond value of 9 (Calculated Molecular Weight (MW) 463.2037). Sharp bands may be 

seen in the IR spectrum at 3316 cm -1 (NH) and 2959.7-2952.2 cm -1 (aliphatic carbons). 

Moreover, a robust band at 1720.4 cm -1 (COOR). The compound's 1H and 13C-NMR chemical 

shifts revealed  characteristic peaks for 24 carbons, including 12 aliphatic carbons, one 

methyl carbon [H 0.85 (t) J(11ʹ, 12ʹ)) = 8.8Hz H-12 ʹ]and one oxygenated methyl [H 4.11 t, J(2ʹ, 

1ʹ)) = 8.5 Hz, 2H, CH2-OCO H-1ʹ. The prodrug 2's detailed spectroscopic data is given in 

Supporting Information S1.  

  



Prodrug 3: Hexadecyl 2-(2-((2,6-dichlorophenyl) amino) phenyl) acetate (3) 

Similarly, the molecular formula C30H43Cl2NO2was determined from the EIMS of prodrug 3 

and the HREI-MS, which revealed M+ at m/z 519.2671 with Δ ppm -0.6 and suggested a 

decreased double bond value of 9 (Calculated Molecular Weight (MW) 519.2661). Sharp 

bands may be seen in the IR spectrum at 3296 cm -1 (NH) and 2926.5-2854.1 cm -1 (aliphatic 

carbons). Moreover, a robust band at 1713.5 cm -1 (COOR). The compound's 1H, and 13C NMR 

chemical shifts revealed characteristic peaks for 30 carbons, including 16 aliphatic carbons, 

one methyl carbon [H 0.9 (t) J (15ʹ, 16ʹ) = 8.8Hz H-16ʹ], and one oxygenated methyl [H 4.11 t, 

J(2ʹ, 1ʹ)) = 8.5Hz, 2H, CH2-OCO H-1ʹ]= 8.5Hz, 2H, CH2-OCO H-1]. The prodrug 3's detailed 

spectroscopic data is given in Supporting Information S1.  

 

Prodrug 4: Octadecyl 2-(2-((2,6-dichlorophenyl) amino) phenyl) acetate (4) 

Likewise, the molecular formula C32H47Cl2NO2was determined from the EIMS of prodrug 4 

and the HREI-MS, which revealed M+ at m/z 547.2984 with Δ ppm -1.4and suggested a 

decreased double bond value of 9 (Calculated Molecular Weight (MW) 547.2973). Sharp 

bands may be seen in the IR spectrum at 3397 cm-1 (NH) and 2921.4-2848.8 cm -1 (aliphatic 

carbons). Moreover, a robust band at 1715.1 cm -1 (COOR). The compound's 1H, and 13C NMR 

chemical shifts revealed characteristic peaks for 32 carbons, including 16 aliphatic carbons, 

one methyl carbon  [H 0.85 (t) J (17’, 18ʹ) = 8.8Hz, H-18ʹ]and one oxygenated methyl [H 4.11 t, 

J (2ʹ, 1ʹ) = 8.5Hz, 2H, CH2-OCO H-1ʹ]. The prodrug 4 detailed spectroscopic data is given in 

Supporting Information S1.  

 

Comparison of the IR data of Diclofenac with its prodrugs (1-4) 

Diclofenac's FT-IR spectrum and the FT-IR spectrum of prodrugs (1-4) were contrasted 

(Figure 1). For all prodrugs, a shift from 1694.4 cm-1 to a higher vibration frequency value in 

the C=O stretching band is noticed when the drug's acid functionality was converted to an 

ester (1719 cm-1, 1720.4 cm-1, 1713.5 cm-1, and 1713.5 cm-1 for prodrug 1, 2, 3, and 4, 

respectively). A stretching band in the region of 2919-2925 cm-1 is observed arising from the 

aliphatic chains that are connected to all prodrugs 1-4, however this band is not present in 

DCF-I, indicating the absence of any aliphatic carbon chain. As shown in Figure 1, the 

production of ester prodrugs is confirmed by the presence of an aliphatic chain and a change 

in the values of the C=O stretching band. 

 



 

Figure-1: IR spectra of diclofenac drug (DCF-I) and synthesized prodrugs (1-4). 

 

3.2.  Prodrug nanoparticle Preparation and Characterization 

Each prodrug was then formulated into nanoparticles as detailed above. As Diclofenac 

prodrug (1-4) do not form nanoparticles alone, DSPE-PEG2000, an FDA approved drug 

excipient was used as stabilizer (Wang et al., 2012).  Indeed, DSPE-PEG2000 is known to 

reduce crystallization and prevent Ostwald ripening (Doi et al., 1989). The strong 

hydrophobic interaction between prodrugs aliphatic chains and DSPE-PEG2000 aliphatic chains 

led to successful formulation of nanoparticles below 200 nm in size with a negative zeta 

potential, with no significant difference between the different prodrugs. All NP PdIs were 

below 0.2 proving their good monodispersity. These results show that the simple 

formulation process proposed for glucocorticoids can be extended to Diclofenac which 

possess different physico-chemical characteristics (Lorscheider et al., 2019b, 2019a). 

Nanoparticles were subjected to stability evaluation based on size, PdI, and zeta potential 

over time, as shown in Figure 2. All nanoparticles were stable for more than 30 days and 

exhibited hydrodynamic diameter of 110-150 nm. All nanoparticles have a negative surface 

charge between -29 and -49 mV. The polydispersity index (PdI) remains below 0.2 indicative 

of rather monodisperse nanoparticles. Only for prodrug 3 NPs maintained at room 

temperature a slight increase of the PdI was observed, a probable indication of aggregation 

but the PdI remained below 0.3 and we do not believe this is significant. Longer stability 

studies with microscopic observations would be needed. However, no obvious aggregation 

was observed over up to 35 days. These results are interesting as these formulations do not 

require purification or freeze-drying for medium-term storage before animal experiments. 

The aliphatic carbon chain present in prodrug structure most probably interacts with the 

distearyl chains of DSPE-PEG2000, due to strong hydrophobic interactions, promoting the 

stability and absence of Ostwald ripening. In addition, the presence of hydrophilic PEG 

chains at the outer surface of NPs may also play a role in the stability of NPs through steric 

hindrance. 



  



 

 
  

Figure-2: Nanoparticle size and PdI of Prodrug 1 NPs (A1), Prodrug 2 NPs (B1), Prodrug 3 NPs 

(C1) and Prodrug 4 NPs (D1) placed at 4 °C or room temperature (RT) overtime. Zeta 

potential of Prodrug 1 NPs (A2), Prodrug 2 NPs (B2), Prodrug 3 NPs (C2) and Prodrug 4 NPs 

(D2) placed at 4 °C or room temperature (RT) overtime. 

 

3.3.  Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) 
observations  

SEM and TEM observations of the prepared nanoparticles were carried out (Figure-3).  All 

nanoparticles, i.e., Prodrug (1-4) NPs showed homogeneity in size distribution of 



nanoparticles and the sizes were in close agreement with values obtained from DLS 

technique, below 200 nm. No crystalline structure or aggregation was observed in the 

SEM/TEM images despite the drying occurring during sample preparation.  

 

 
Figure-3:  SEM micrographs of Prodrug 1 NPs (A1) Prodrug 2 NPs (B1), Prodrug 3 NPs (C1) and 
Prodrug 4 NPs (D1).  TEM micrographs of Prodrug 1 NPs (A2) Prodrug 2 NPs (B2), Prodrug 3 NPs (C2) 
and Prodrug 4 NPs (D2) after negative staining. The scale bars represent 500 nm in each image. 
 

3.4. Determination of encapsulation efficiency (EE) of prodrugs 

Since DSPE-PEG2000 can form micelles (Kastantin et al., 2010), some prodrug could be 

solubilized in micelles and not only in nanoparticles. Encapsulation efficiency was 

determined by quantifying the amount of prodrugs in NPs by UPLC. After separation by 

ultracentrifugation, non-encapsulated prodrug in the supernatant was quantified, and their 

amount in NPs was calculated indirectly (Figure 4). All prodrug nanoparticles displayed very 



high encapsulation efficiency from 90-91 % for C10 to C16 prodrugs up to 96 % for the more 

hydrophobic prodrug bearing a C18 aliphatic chain, namely prodrug 4 (Figure-4). These 

values are comparable with prodrug nanoparticles of glucocorticoids obtained by the same 

process (Pinheiro do Nascimento et al., 2022). The non-encapsulated prodrugs are probably 

solubilized within DSPE-PEG micelles (Kastantin et al., 2010). NP characterization suggests 

that the emulsion-evaporation method allows the production of small and stable NPs with 

high EE%. 

 

 
  

Figure-4: Encapsulation efficiency of prodrug in NPs 1-4. 
 

3.5. In vitro evaluation of prodrug NPs 1-4 

3.5.1. Alamar Blue Assay 

Alamar blue assay was performed to check the cytotoxicity of the diclofenac and prodrugs 

nanoparticles on THP-1 cell line. According to ISO guideline for the cell viability assay, 

potential cytotoxicity is defined as the cell viability decreases below 70% of the control. All 

Prodrug (1-4) NPs were safe and showed no toxicity for the tested concentration of 1, 10 and 

100 µg/mL. Whereas, diclofenac sodium led to a IC50 of 20±2 µg/mL, below the higher 

concentration tested. All the prodrug NPs led to IC50 above 100 µg/mL. Therefore, the tested 

concentrations were screened in terms of TNF-α cytokine secretion inhibition except for 

diclofenac sodium which was only tested up to 10 µg/mL. 

 
3.5.2. TNF-α cytokine secretion inhibition 

To ensure that the anti-inflammatory activity of diclofenac was conserved after formulation, 

the release of the pro-inflammatory cytokines TNF- α by LPS-activated THP-1 cells in the cell 

culture medium was quantified after their exposure to prodrugs 1-4 NPs (Figure-5). The 

inhibition of TNF-α secretion appears to be dose dependent for both diclofenac sodium and 

prodrug nanoparticles, reaching from 80 to 100% inhibition for an equivalent diclofenac 

concentration of 100 µg/mL (Figure-5). Results confirm that prodrug formulation into NPs 

does not affect the therapeutic activity of the drug. Diclofenac is most probably released 

from prodrugs NPs due to the presence of esterases in the cell culture medium, and NPs can 



therefore be tested in vivo. Prodrug 3 NPs were chosen for in vivo experiments as a 

representative formulation to compare them with dexamethasone prodrug nanoparticles 

bearing the same aliphatic chain length (Lorscheider et al., 2019b).  

 

 
Figure-5: Inhibition of TNF-α secretion of LPS-activated THP1 cells incubated with Prodrug (1-4) NPs 
and diclofenac sodium at different equivalent concentrations diclofenac 1, 10 and 100 µg/mL for 24 
h. The $ symbol indicates the 100 µg/mL concentration was not tested for diclofenac sodium due to 
toxicity. 
 

3.6. Drug release studies from nanoparticles in murine plasma 

To ensure diclofenac would be released in blood circulation once after injection of prodrug 

nanoparticles, Prodrug 3 NPs were incubated in murine plasma and diclofenac concentration 

quantified by UPLC as described above. Most likely due to hydrolysis by esterases present in 

plasma, we observed the release of diclofenac as soon as 30 minutes after the beginning of 

incubation with about 4% released (Figure-6). The concentration of the drug then increased 

up to 70% after 6 h of incubation. Afterwards the drug release reached a plateau probably 

because esterase concentration was not sufficient to degrade all prodrugs or because some 

prodrug remains protected from esterases in NPs or because diclofenac is degraded as it is 

released. This release profile is very similar to dexamethasone release in murine plasma 

observed with similar prodrug nanoparticles (Lorscheider et al., 2019b) or what is observed 

for diclofenac prodrug micelles incubated with porcine liver esterases (Assali et al., 2021). 

 



Figure-6:  Diclofenac release profile in murine plasma from Prodrug 3 NPs upon incubation at 37°C. 
 
 

3.7.  In Vivo Studies on Collagen induced Arthritis murine model 

Prodrugs 3 NPs were administered to mice as described above on days 31, 33 and 35 and compared 

with PBS or diclofenac sodium to assess the efficacy of the nanoparticulate formulation. Both the 

paw volume and the arthritic score were quantified and the data were analyzed using a two-way 

ANOVA followed by Dunnett multiple comparison tests (Figure-7). The activity of prodrug 3 NPs was 

evaluated by measuring the total arthritis score on all 4 paws for each mouse. Following the first 

injection, the paw volume of Prodrug 3 NPs group started to decrease although not significant 

compared to PBS or diclofenac sodium. The difference became significant (PBS vs NPs) in terms of 

paw volume only two days after the second injection. The 3rd injection did not lead to a further 

decrease and no significant difference could be observed. When considering the arthritic score, a 

score decrease became significant (PBS vs NPs) after the second injection also. One can conclude that 

Prodrug 3 NPs lead to a moderate decrease of inflammation as compared with PBS.  When 

comparing with the soluble form of diclofenac the inflammation decrease is not significant. 

Increasing the number of animals or the dose schedule might improve result difference. However, 

although Prodrug 3 NPs were significantly more efficient than PBS, they induced a toxicity leading to 

half of mice dying after the 3rd injection. No signs of toxicity were observed for the soluble 

diclofenac group or PBS. After autopsy of the NPs group animals, the liver was found swollen and 

very black. Diclofenac hepatic toxicity is documented and is linked to mitochondrial injury (Nouri et 

al., 2017). Our hypothesis is the following: due to a modification of diclofenac biodistribution when 

administered as NPs versus a soluble form, NPs accumulated in the liver, leading to hepatic toxicity 

after third dose due to extensive accumulation. A full biodistribution study would be required to 

confirm this hypothesis. To promote the reduction of inflammation while avoiding hepatic toxicity 

using NPs would require to precisely study the No Observable Adverse Effect Level and the schedule 

of administration in the future. 

 



 
Figure-7: (A) Paw Volume and (B) Arthritic score of mice treated with PBS, Prodrug 3 NPs and 
Diclofenac as sodium salt. Statistical analysis was performed using 2way ANOVA and Dunnet post 
comparison tests. 
 

4. Conclusion 

We have successfully synthesized four lipidic prodrugs of Diclofenac by grafting C10, C12, 

C16 and C18 aliphatic chains through an ester bound. The prodrugs were easily formulated 

into NPs using DSPE-PEG2000 as the only excipient by an emulsion-evaporation process.  

Prodrugs NPs were spherical, small (110-150 nm), rather monodisperse and sterically 

stabilized by PEGylation. The formulation process allowed to obtain NPS with a prodrug 

encapsulation efficiency ranging from 91 to 96%.  These results exhibit the potential of 

synthesizing lipidic prodrug of hydrophobic drugs to further formulate them into NPs using 

PEGylated lipids as excipients. NPs were considered suitable candidates for further in vitro & 

in vivo evaluation. NPs did not induce any toxicity on LPS-activated THP1 cells up to a 

concentration of 100 μg/mL (equivalent diclofenac) whereas diclofenac sodium salt IC50 was 

around 20 μg/mL. Following incubation of prodrug NPs with LPS-activated THP1 cells, a dose 

dependent inhibition of TNF-α was observed comparable to standard diclofenac sodium. 

Similarly, upon incubation in murine plasma, Prodrug 3 NPs most likely underwent an 

enzymatic cleavage and almost 70 % of diclofenac was released from nanoparticles in 8 

hours. In vivo studies on a CIA murine model showed contrasted results: on one hand 



Prodrug 3 NPs led to a significant decrease of arthritis score and of paw volume compared to 

PBS after the second injection, on the other hand the third injection induced an important 

hepatic toxicity with the death of half of the mice from the NPs group. To promote the 

reduction of inflammation while avoiding hepatic toxicity using NPs would require to 

precisely study the No Observable Adverse Effect Level and the schedule of administration in 

future studies. 
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