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Abstract
Targeted delivery of dexamethasone to inflamed tissues using nanoparticles is much-needed to improve its efficacy while 
reducing side effects. To drastically improve dexamethasone loading and prevent burst release once injected intravenously, 
a lipophilic prodrug dexamethasone palmitate (DXP) was encapsulated into poly(DL-lactide-co-glycolide)-polyethylene 
glycol (PLGA-PEG) nanoparticles (NPs). DXP-loaded PLGA-PEG NPs (DXP-NPs) of about 150 nm with a drug loading 
as high as 7.5% exhibited low hemolytic profile and cytotoxicity. DXP-NPs were able to inhibit the LPS-induced release of 
inflammatory cytokines in macrophages. After an intravenous injection to mice, dexamethasone (DXM) pharmacokinetic 
profile was also significantly improved. The concentration of DXM in the plasma of healthy mice remained high up to 18 h, 
much longer than the commercial soluble drug dexamethasone phosphate (DSP). Biodistribution studies showed lower 
DXM concentrations in the liver, kidneys, and lungs when DXP-NPs were administered as compared with the soluble drug. 
Histology analysis revealed an improvement in the knee structure and reduction of cell infiltration in animals treated with 
the encapsulated DXP compared with the soluble DSP or non-treated animals. In summary, the encapsulation of a lipidic 
prodrug of dexamethasone into PLGA-PEG NPs appears as a promising strategy to improve the pharmacological profile and 
reduce joint inflammation in a murine model of rheumatoid arthritis.
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Introduction

Glucocorticoids (GCs) are potent anti-inflammatory and 
immunosuppressive drugs applied in the treatment of 
many inflammatory and autoimmune diseases [1], the lat-
est application being the treatment of hyper inflammation in 

COVID-19 [2]. However, when administered intravenously, 
their unfavorable pharmacokinetics (PK), the high doses 
needed to reach a therapeutic effect, and the associated side 
effects have limited their prescription on a chronic basis 
[3]. Nevertheless, the therapeutic use of GC could greatly 
benefit from their delivery by NPs. Indeed, if NPs possess 
a prolonged blood circulation time, they could benefit from 
the extravazation through leaky vasculature and the subse-
quent inflammatory cell-mediated sequestration (ELVIS) 
effect to accumulate into inflamed tissues, release GCs, and 
therefore reduce the dose needed and all the associated side 
effects [4].

Dexamethasone (DXM) has already been encapsulated 
into polymeric NPs [5, 6]. Although the encapsulation 
efficiency was low and the non-encapsulated drug formed 
crystals, these formulations have already shown a controlled 
release of the drug. DXM has also been encapsulated into 
liposomes, however, the encapsulation efficiency and the 
drug loading were also very low [7, 8]. Nevertheless, these 
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liposomal formulations have already proven a better thera-
peutic efficacy in rheumatoid arthritis (RA) animal models 
and a reduction of the side effects compared with the free 
drug.

As an alternative to DXM, we propose to use dexameth-
asone palmitate (DXP) a hydrophobic prodrug formed by 
DXM and a palmitate group linked by an ester bond, with 
a longer half-life in plasma than DXM [9]. The prodrug 
needs to be hydrolyzed into DXM by esterases, which are 
present in the site of inflammation, to release the active 
drug. DXP is commercialized as a phospholipid emul-
sion, named Limethason® [10]. The advantage of encap-
sulation is the avoidance of DXP crystal formation [9]. 
However, this formulation has shown a short to medium 
sustained release in healthy volunteers and patients with 
inflammatory osteoarthritis, with redistribution into the 
systemic circulation of 90% of the drug within 48 h after 
the intra-articular administration [9, 11]. Liposomes were 
also explored as nanocarriers for DXP, but they have 
shown many drawbacks such as short residence time in 
the inflamed joints [11, 12], low encapsulation efficiency, 
and poor stability [13].

The most recent approach in formulating DXP NPs was 
conducted in our group: it consists of turning DXP into NPs 
using distearoylphosphatidylethanolamine — polyethylene 
glycol as the sole stabilizing amphiphilic molecule. The NPs 
were highly stable and the PK much improved compared to 
the soluble form of DXM dexamethasone sodium phosphate 
(DSP) but not prolonged enough due to quick hydrolysis of 
the prodrug in blood [14, 15].

To further improve the encapsulation efficiency and 
the sustained release of the prodrug, in the present work, 
DXP was encapsulated into poly(DL-lactide-co-glycolide)-
polyethylene glycol (PLGA-PEG) NPs. PLGA is one of 
the most widely used polymers for NP synthesis due to its 
good biocompatibility, biodegradability, and capability to 
induce sustained drug release [16]. Polylactide-co-glycolide 
(PLGA) and polyethylene glycol (PEG) are FDA-approved 
polymers and PLA-PEG nanoparticles have entered several 
clinical trials [17].

The formulation was characterized by dynamic light scat-
tering (DLS) and transmission electron microscopy (TEM). 
The potential toxicological effect, the internalization of the 
NPs in macrophages, and the capacity of the formulation to 
inhibit the release of pro-inflammatory cytokines were stud-
ied in vitro in the murine macrophage cell line RAW 264.7. 
The biodistribution and the PK of the prodrug (DXP) and 
the active drug (DXM) were also characterized in healthy 
mice injected with DXP NPs, and compared with soluble 
DSP. Finally, the therapeutic efficacy was tested in collagen-
induced arthritis (CIA), a murine model of RA [18].

Materials and methods

Materials

PLGA-PEG [poly(ethylene glycol)-poly(DL-lactide-co-
glycolide) 50:50 Resomer PEG type RGP d 50,105 (MW: 
50,000 g/mol) (diblock, 10% PEG with 5000 Dalton)] and 
the PLGA-Rhodamine (PLGA-Rho) polymers were pur-
chased from Evonik Industries AG (Essen, Germany) and 
PolySciTech® Akina Inc. (Indiana, USA), respectively. Dex-
amethasone palmitate was provided by Interchim (France). 
Immunization grade chick type II collagen, Complete Fre-
und’s Adjuvant 4 mg/mL, and Incomplete Freund’s Adjuvant 
were provided by AMSBio (Abingdon, UK). Paraformal-
dehyde (Antigenfix), EDTA-based decalcification solution 
(Microdec), and paraffin for paw fixation were provided 
by Microm Microtech (Brignais, France) as well as eosin-
phloxine and hematoxylin for staining. Saffron in alcoholic 
solution was purchased from RAL Diagnostics (Martillac, 
France). Dichloromethane in analytical grade and acetoni-
trile in high-performance liquid chromatography (HPLC) 
grade were obtained from Carlo Erba Reagents (France). 
Water was purified using a Synergy system from Millipore 
(France). All the other reagents were from Sigma-Aldrich 
unless otherwise stated.

Cell culture

RAW 264.7 cells were purchased from the American Type 
Culture Collection (ATCC) and they were cultured in Dul-
becco’s modified Eagle’s medium (DMEM), supplemented 
with 10% fetal bovine serum (FBS) and 10,000 unit/mL of 
penicillin and 10 mg/mL of streptomycin (Lonza, Switzer-
land). Cultures were maintained at 37 °C in a humidified 
atmosphere containing 5% CO2. The phosphate-buffered 
saline (PBS) was also from Lonza (Switzerland). After thaw-
ing, cells were used for experiments from passage 6 to 15.

Nanoparticle preparation

The unloaded NPs and DXP-NPs were prepared by the sol-
vent emulsion evaporation technique as described before 
[19] with some modifications. Briefly, 100 mg of PLGA-
PEG and different amounts of dexamethasone palmitate 
were dissolved into 4 mL of dichloromethane. This organic 
solution was pre-emulsified with 20 mL of a sodium cho-
late aqueous solution (1.5% w/v) by vortexing at 3200 rpm 
for 1 min (Mini Vortexer VWR, USA). The pre-emulsion 
was kept on ice and sonicated at 300 W for another minute 
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using a Vibra cell sonicator (Bioblock Scientific, France). 
The organic phase was then evaporated at 20 °C in a water 
bath under gentle magnetic stirring (300 rpm). The final 
volume was completed to 20 mL with MilliQ water and the 
formulation was filtered by using 0.45-μm PVDF filters. For 
internalization experiments, NPs were prepared using 90/10 
(w/w) PLGA-PEG and PLGA-Rhodamine and following the 
same procedure.

Removal of non‑encapsulated dexamethasone 
palmitate

The non-encapsulated DXP was removed by adding an SDS 
aqueous solution (20% w/v) to yield a final concentration 
of 5% SDS. SDS role is to solubilize the hydrophobic non-
encapsulated DXP. The sample was ultracentrifuged twice 
using an Optima LE-80 K centrifuge (Beckman Coulter Inc.) 
at 20,000 rpm (27,400 g) for 1 h to remove both sodium 
cholate and SDS. The final formulation was resuspended in 
20 mL of water to yield a polymer concentration of 5 mg/
mL for physicochemical characterization. For the in vitro 
and in vivo characterization, the formulation was further 
concentrated or diluted depending on the final concentra-
tion needed.

Nanoparticle characterization

Particle size and polydispersity index were determined using 
a Malvern Zetasizer Nano ZS (Malvern Instrument, UK) 
based on quasi-elastic light scattering. Size measurements 
were performed in triplicate following a 1/100 (v/v) dilu-
tion of the NP suspension in Milli-Q water at 20 °C. Zeta 
potential was measured using the same instrument at 20 °C 
following a 1/50 (v/v) dilution in a 1 mM NaCl solution. 
Transmission electron microscopy was performed at Imagif 
(CNRS, Gif-sur-Yvette, France). A volume of 5 µL of the 
NP suspension was deposited for 1 min on formvar-coated 
copper grids. Negative staining was performed by the addi-
tion to the grid of a drop of uranyl acetate at 2% w/w for 
30 s. Excess solution was removed and grids were left to 
dry before observation. The observations were carried out 
on a JEOL microscope at an acceleration voltage of 80 kV.

Characterization of DXP loading

NPs were dissolved in acetonitrile (1/100 v/v) and filtered 
with a 0.45-μm PVDF filter. The quantity of DXP in the 
NPs was determined by injecting 50 μL of the filtered 
solution in a Waters™ high-performance liquid chroma-
tography (HPLC) system. The analysis was performed at 
240 nm using a SymmetryShield™ column RP18 5 µm 
(250 × 4.6 mm) at 40 °C with a mobile phase composed of 
85% acetonitrile and 15% water at 1.2 mL/min. The retention 

time for DXP was 23 min approximately and DXP solutions 
of known concentration were used for the calibration curve. 
An aliquot of the formulation before the SDS treatment was 
also measured to determine the total DXP amount.

The encapsulation efficiency was calculated as the per-
centage of encapsulated drug and the initial drug. The drug 
loading is the percentage, in mass, of the drug in the formu-
lation (drug + polymer):

where DXPi is the initial amount of DXP, DXPe is the 
encapsulated DXP, and mNPs is the polymer mass in the 
NPs.

Cell viability

The influence of NPs and DXM on cell viability was studied 
in the RAW 264.7 cell line using an MTT assay that evaluates 
mitochondrial activity. Cells were seeded in 96-well plates at 
a density of 8 × 103 cells/well in 100 µL of culture medium, 
and incubated overnight. Afterward, DXP-NPs and unloaded 
NPs were added. The plates were incubated for 24 h and the 
yellow tetrazolium MTT (3-(4, 5-dimethylthiazolyl-2)-2,5-
diphenyltetrazolium bromide) was added at a final concentra-
tion of 500 µg/mL and incubated for another hour. The MTT 
is reduced by metabolically active cells to form the purple 
formazan crystals. After the formation of the crystals, the 
medium was replaced by 100 µL of DMSO to dissolve them 
and the absorbance was measured at 570 nm. The absorbance 
of the cells treated with the NPs was divided by the absorb-
ance of the control cells, after subtraction of the blank, and 
expressed as the percentage of viable cells.

Hemolysis

The potential hemolysis induced by DXP-NPs on mouse red 
blood cells was studied in vitro. Mouse whole blood was 
extracted from healthy mice (strain DBA-1) and washed 
three times in PBS at 1000 g, 10 min at 4 °C to obtain a 
suspension of 3% (w/v). TritonX-100 at 1% was used as a 
positive control. The erythrocyte suspension was seeded in a 
96-well round-bottom plate (80 µL per well). Then, 80 µL of 
DXP-NPs or unloaded NPs at 800 µg/mL PLGA-PEG were 
added to test a final NP concentration of 400 µg/mL, or 80 
µL of the TritonX-100 1% for the positive control (total lysis 
of the red blood cells). The plate was incubated at 37 °C for 
4 h and centrifuged at 1000 g, 10 min at 4 °C. The superna-
tant was transferred to a 96-well flat-bottom plate and the 
absorbance at 570 nm, due to the release of the hemoglobin, 
was measured. The absorbance of the PBS samples was 

EE =
DXPe

DXPi
× 100 DL =

DXPe

DXPe + mNPs
× 100
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subtracted from the absorbance of the samples with NPs or 
with TritonX-100. The hemolysis was expressed as follows:

Nanoparticle uptake in RAW 264.7 cells

The uptake of DXP-NPs in RAW 264.7 cells was measured 
by flow cytometry using Rhodamine-labeled NPs. Cells 
were seeded in 12-well plates at 8 × 104 cells/well and incu-
bated 24 h to reach 80% confluency. DXP-NPs were added 
at 100 µg/mL. PLGA-PEG and plates were incubated at 
different time intervals. After incubation, the medium was 
removed and cells were washed with PBS, detached with 
trypsin, and resuspended in PBS. The mean fluorescence 
intensity (MFI) of the treated cells was measured using a 
flow cytometer (Accuri C6, BD Biosciences, USA) and it 
was normalized to the non-treated cells to quantify the MFI 
fold increase.

Cytokine release

For the cytokine release experiment, RAW 264.7 cells were 
seeded in 24-well plates at a cell density of 4 × 104 cells/well 
in culture medium and were left in the incubator for 48 h. 
The medium was then replaced by fresh medium alone or 
fresh medium with LPS at 0.1 µg/mL, and the plates were 
incubated for another 3 h. Afterward, the DXP-NPs at 10 µg/
mL of DXP (130 µg/mL PLGA-PEG) and unloaded NPs at 
the same concentration were added to some wells. Culture 
medium alone was used as negative control and LPS 0.1 µg/
mL as a positive control. DSP at the same DXM concentra-
tion (8.2 µg/mL) was also tested to compare the encapsulated 
GC with the soluble drug. After 24 h of incubation with 
the treatments, the supernatants were collected and frozen 
at − 20 °C until the analysis was performed. The mouse 
inflammatory cytokines IL-12p70, TNFα, IFN-γ, MCP-1, 
IL-10, and IL-6 were quantified using the Cytometric Beads 
Array (CBA) mouse inflammation kit (BD Biosciences, 
USA). The supernatant was tested undiluted (50 µL) for all 
the cytokines except for TNFα, because for this cytokine 
the concentration was very high and out of the calibration 
curve. In this case, a dilution of 1/20 was used. In both cases, 
the experiment was performed following the manufacturer’s 
instructions.

The cytokine quantification (IL-4, TNFα, IL-17A, IL-10, 
IL-6, IL-1β, MCP-1) in serum samples from CIA mice was 
also performed by flow cytometry using custom-made bead 
assay (LEGENDplex from Biolegend, San Diego, USA). 
The samples were diluted 1:2 and the kit was performed as 

% Hemolysis =
Abs NPs − Abs PBS

Abs TritonX − 100 − Abs PBS
× 100

described by the manufacturer. Data were analyzed with the 
LEGENDplex software provided with the kit.

Pharmacokinetics and biodistribution

The PK studies were performed in 9-week-old male DBA-1 
mice (Harlan, France). Seven animals per group were used 
and the equivalent of 12 mg/kg of DXM was injected as 
DXP NPs. The animals were sacrificed at different time 
points (10, 20, 40, 60, 120, 240, 360, 480, 1080 min) and 
plasma and organs (liver, spleen, kidneys, and lung) were 
collected for DXP and DXM quantification by HPLC. A 
group that received a DSP solution at the same DXM dose 
was used as a control.

The organs collected from mice were weighted, diluted 
with an equivalent volume of PBS, and homogenized with 
a tissue grinder coupled to a drill. Testosterone decanoate 
and dexamethasone acetate (DXA) at 4 µg/mL were used 
as internal standards for DXP and DXM, respectively.

An aliquot of 100 µL of plasma or 100 mg of the ground 
organs was used for the extraction, diluted with 100 µL 
of testosterone decanoate and DXA in ACN and mixed 
by vortexing. Then, 3 mL of CHCl3/CH4O 9:1 was added 
and mixed again by vortexing. Centrifugation was per-
formed at 3500 rpm (= 1690 g) for 30 min (ST16R cen-
trifuge, rotor TX-400, Thermo Scientific, France). The 
organic phase was collected in a glass vial and evaporated 
under an N2 atmosphere at 30 °C using a sample block 
heater. After evaporation, the sample was resuspended in 
200 µL of acetonitrile and injected in the HPLC using the 
same conditions described for drug loading in the case of 
the DXP. For dexamethasone (DXM) measurement, the 
mobile phase was composed of 35% acetonitrile and 65% 
water, and pure dexamethasone was used for the calibra-
tion curve. The retention time was approximately 9 min for 
the drug at 30 °C. The retention times for the testosterone 
decanoate and DXA were 20 min and 30 min, respectively, 
in their corresponding mobile phase.

A non-compartmental analysis was used to study 
the pharmacokinetic behavior of DXP and DXM in 
the plasma of animals injected with DXP-NPs or DSP. 
The pharmacokinetic parameters were calculated using 
Excel’s PK solver program. The calculated parameters 
from the concentration–time curve were area under 
plasma concentration–time curve (AUC) using the lin-
ear trapezoid method, area under the first moment curve 
(AUMC), the terminal elimination rate constant (Ke) 
which was calculated from the slope of the logarithm 
of the plasma concentration versus time profile, the 
elimination half-life (t1/2), mean residence time (MRT) 
as AUMC/AUC both extrapolated to infinity, clearance 
(Cl) as dose/AUC, and volume of distribution in steady 
state (Vd) as MRT × Cl.
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Therapeutic efficacy of the DXP nanoparticles 
in mice with CIA

For the therapeutic efficacy studies, thirty 9-week-old 
DBA-1 mice were immunized with collagen type II emulsi-
fied with complete Freund’s adjuvant to induce arthritis. The 
collagen was dissolved at 4 mg/mL in 10 mM acetic acid 
at 4 °C and under constant stirring the day previous to the 
immunization. The animals were shaved at the base of the 
tail using isoflurane to anesthetize them.

The CFA was placed in a 5-mL syringe and the collagen 
suspension was added dropwise at a ratio of 1:1 and emulsi-
fied using an ultraturrax (IKA) with an 8-G rod coupled. All 
the material used was pre-cooled to avoid denaturation of the 
protein. The mixture was emulsified for 30 s and chilled in 
ice for another 30 s performing several cycles until a homo-
geneous white emulsion was formed. Then, the emulsion 
was transferred into a 1-mL Hamilton syringe for intrader-
mal injection of 50 µL at the back of each mouse, near the 
tail. The animals were anesthetized with isoflurane before 
the injection and forceps were used to lift the skin.

A booster injection was performed after 21 days to induce 
a high prevalence of CIA using the same concentration and 
the same procedure but avoiding injecting in the inflamed 
tissue from the previous immunization. The previous day to 
the booster injection and every 2 or 3 days after, the arthritic 
score and paw volume were monitored for all mice. The paw 
volume was measured using a plethysmometer which cal-
culates the volume based on the displacement of the liquid 
after dipping the paw in a liquid-filled cell.

The mice were divided into three groups and were treated 
with DXP-NPs, DSP, or PBS as a negative control, respec-
tively. The DXM dose administered to the animals treated 
with DXP NPs or DSP was 1 mg/kg and the treatments 
were administered intravenously three times every 2 days 
starting at day 32 after the first immunization. During the 
treatment period, the arthritis score and paw volume were 
monitored daily. The mice were bled before and after the 
treatments at days 31 and 37, respectively, to collect the 
serum for cytokine quantification. The serum samples were 
frozen at − 20 °C until the analysis was performed. All mice 
were sacrificed at day 38; the hind paws were collected for 
histology studies and fixed in paraformaldehyde 4% 24 h 
after removing the skin and the muscles.

Histological characterization of the hind paws

The hind paws in paraformaldehyde 4% were rinsed twice 
with Milli-Q water and the bones were softened by incu-
bation with a calcium chelator (Microdec) for 8 h. After 
decalcification, the paws were washed again and dehy-
drated with ethanol at increasing concentrations (70–100%). 
Finally, samples were immersed in xylene and fixed in 

paraffin blocks. The blocks were cut into 7-µm slices by 
using a microtome (Leica RM2255) and placed on crystal 
slides. Some consecutive slides were selected for histology 
characterization. The samples were rehydrated by immer-
sion sequentially in xylene, ethanol solutions of decreas-
ing concentrations (100–70%), and distilled water for 5 min 
in each solvent. The slides selected for histological studies 
were immersed in hematoxylin for 3 min to stain the cell 
nucleus. Afterward, they were rinsed with abundant water 
from the tap before their immersion in eosin-phloxine for 
8 min to stain the interstitial tissues. The slides were rinsed 
in distilled water for 20 s and 95% ethanol for 2 min before 
their immersion in a saffron solution for 7 min to stain the 
bone and cartilage. The samples were dehydrated again by 
performing three immersions in 100% ethanol followed by 
two immersions in xylene for 5 min each and fixed with DPX 
mounting medium. A coverslip was placed over the slides 
and they were allowed to dry under the hood.

Statistical analysis

All measurements were repeated three times. The values 
were expressed as the mean ± standard deviation. Multiple 
comparisons by two-way ANOVA have been used to assess 
the statistically significant differences between the means 
(p < 0.05) when appropriate.

Results and discussion

Nanoparticle characterization and dexamethasone 
palmitate loading

The unloaded NPs and DXP-NPs were prepared by the sol-
vent emulsion evaporation technique, varying the amount of 
initial DXP in the formulation. After removal of free DXP, 
nanoparticles were characterized for size, polydispersity 
index (PDI), and zeta potential. All NPs had an average size 
of approximately 150 nm, with a PDI around 0.1, indica-
tive of a highly homogenous formulation, and a negative 
zeta potential (− 25 to − 28 mV) (Fig. 1A). The homogene-
ity of the DXP-NPs was confirmed by transmission electron 
microscopy (TEM; Fig. 1B) and their shape was spherical. 
The size of about 150 nm, and the low PdI, makes the NPs 
adequate for an intravenous treatment and a passive deliv-
ery in the inflamed tissues through extravasation via leaky 
vasculature followed by inflammatory cell sequestration 
(ELVIS) [20]. The high negative charge allows a more stable 
colloidal suspension, avoiding the coalescence and aggrega-
tion of the NPs due to the electrostatic repulsion between 
them. Indeed, the stability of DXP-NPs stored at 4 °C was 
monitored for more than 1 month by measuring the size 
and the PdI of both unloaded and DXP-NPs (10 mg initial 
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DXP) (Supporting information Figure S1). Both formula-
tions were stable for up to 30 days without the appearance 
of any drug crystals that could be observed under the opti-
cal microscope. Encapsulation efficiency and drug loading 
were measured by HPLC. The drug loading followed a linear 
behavior (Fig. 1C), and the encapsulation efficiency went 
up to 85% for low DXP amount and down to 75% for high 
DXP amount. The DXP was encapsulated into PLGA-PEG 
NPs with high encapsulation efficiency and good drug load-
ing. The non-encapsulated drug could easily be removed 
using 5% SDS and removing the supernatant after ultracen-
trifugation. The encapsulation efficiency of the DXP into 
PLGA-PEG NPs and the removal of the non-encapsulated 
drug were much better than for DXM [5] or dexamethasone 
acetate [6], with, for the latest, an efficiency of about 3% and 
the formation of crystals in the NP suspension by the non-
encapsulated drug. Besides, in the DXM and dexamethasone 
acetate formulations, there was a rapid saturation when the 
initial amount of GC was increased while, in the case of the 
DXP, the encapsulation was linear up to the highest concen-
tration tested (20 mg/mL). As a compromise between good 
encapsulation efficiency and high drug loading, the remain-
ing experiments were conducted with DXP-NPs formulated 
with an initial mass of 10 mg DXP; these NPs named DXP-
NPs hereby exhibit a drug loading of 7.5% w/w.

Cell viability and hemolysis

The potential toxicity of the unloaded PLGA-PEG and DXP-
NPs was tested in the RAW 264.7 cells using the tetrazolium 
MTT assay (Fig. 2A). The highest DXP concentration tested 

was approximately 75 µg/mL for the DXP-NPs at 1 mg/mL. 
There was a reduction of the viability at the highest polymer 
concentrations (0.25–1 mg/mL) of about 30%. Nevertheless, 
the viability was always higher than 80% for both formula-
tions (Fig. 2A). DXP does not reduce the cell viability fur-
ther than PLGA-PEG NPs at high concentrations; hence, the 
encapsulated DXP was not toxic for the macrophage cells at 
any concentration tested.

The potential hemolysis of the formulation was also 
tested in mouse erythrocytes incubated with NPs at 400 µg/
mL PLGA-PEG. This concentration was slightly higher than 
the concentration used in the CIA model studies to confirm 
the safe use of the formulation in animals. Both formula-
tions, unloaded and DXP-NPs, did not show any relevant 
toxicity for the erythrocytes at the concentration tested, 
and the percentage of hemolysis remained lower than 5% 
(Fig. 2B). Unloaded and DXP-NPs did not show toxicity to 
RAW 264.7 macrophages (Fig. 2) at physiologically relevant 
concentrations. They also demonstrated to have a safe profile 
for the parenteral administration because they did not induce 
hemolysis in mouse erythrocytes. Hence, the DXP formula-
tion seems to be safe for intravenous administration.

Internalization of the nanoparticles in mouse 
macrophages

The internalization of DXP-NPs in RAW 264.7 macrophages 
was evaluated using flow cytometry. The internalization of 
the NPs was slow and the first clear increase in the fluores-
cence was only detected after 6 h of NP incubation with cells 
(Fig. 2C). The fluorescence increased almost twice after 13 h 

Fig. 1   A Size, PdI, and 
Zeta-potential  of the NPs. B 
Transmission electron micros-
copy images of the DXP-NPs 
10 mg. The scale bar represents 
200 nm. C Dexamethasone 
palmitate loading (DL) and 
encapsulation efficacy (EE) into 
PLGA-PEG nanoparticles as a 
function of initial DXP amount
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of incubation and it was high after 24 h, with an MFI about 
4.5 times higher than the initial fluorescence (Fig. 2C). DXP-
NPs were highly internalized by the macrophages, which 

are the main immune cells recruited in the inflamed tissues 
and the main ones responsible for the cytokine release [21]. 
However, the internalization in the macrophages was slow 
due to the presence of the PEG at the NP surface [22–25]. 
Despite this slow internalization, PEG is necessary to benefit 
from long circulation in the bloodstream and accumulation 
in inflamed tissues thanks to the ELVIS effect [20]. It could 
be an advantage to allow a more specific targeting to the 
inflamed cells by avoiding a rapid internalization by the cells 
of the mononuclear phagocyte system (MPS) [25–27].

Inhibition of the inflammatory cytokine release 
by DXP‑NPs

To characterize the capacity of the encapsulated DXP to 
inhibit the release of inflammatory cytokines, the RAW 
264.7 cells were activated with LPS at 0.1 µg/mL for 3 h. 
After this time, the NPs were added. As a control, the 
unloaded NPs were also tested. NPs were also added to non-
activated cells to check if they could induce the release of 
the cytokines and be inflammatory to the macrophages. As a 
positive control, cells treated only with LPS 0.1 µg/mL were 
used and non-treated cells were used as a negative control. 
Finally, the equivalent DXM concentration was also tested 
by using the soluble DSP to compare the encapsulated prod-
rug with the free drug as DXP is very poorly water-soluble.

A multiplex flow cytometer kit was used to study six 
cytokines simultaneously, but only four of them were 
induced by the LPS in the RAW 264.7 cells (TNFα, MCP-
1, IL-10, and IL-6). IL-6 was expressed at very low con-
centrations and it was difficult to detect the basal concentra-
tion. Only in the positive control and in the samples with 
LPS which were not able to inhibit the cytokine release, 
the concentration was above the detection limit. DXP-NPs 
were able to inhibit the cytokines in a significant manner. At 
a dose of 10 µg/mL of DXP, the inhibition was significant 
concerning the positive control for all the cytokines tested 
(Fig. 3) and similar to the inhibition induced by an equiva-
lent DSP concentration. The unloaded NPs were only able 
to slightly inhibit IL-10 and IL-6 to a much lower extent 
than the DXP-NPs. This very surprising result might arise 
from nonspecific interactions between cytokines and NPs. 
Nevertheless, the increased anti-inflammatory effect of the 
DXP-NPs, very similar to the free drug, could only be attrib-
uted to the encapsulated DXP and not to the NPs themselves.

TNFα and MCP-1 are key cytokines in the RA disease 
[28, 29]. Anti-TNFα antibodies have been the first success-
ful biological response modifiers used in the therapy of RA 
because these biological molecules can induce remission 
or very low disease activity [30]. However, their potential 
to increase the risk of serious infections and malignan-
cies, mainly when used in high concentrations, were also 
described in patients receiving anti-TNF therapies [31, 32]. 

Fig. 2   A Cell viability of the RAW 264.7 cell line incubated with the 
unloaded NPs or DXP-NPs at different concentrations. B Hemolysis 
induced by unloaded and DXP-NPs at a polymer concentration of 
400 µg/mL, and approximately 30 µg/mL of DXP for the loaded NPs. 
TritonX-100 (TRX-100) was used as a positive control. C Internaliza-
tion of the DXP-NPs at 100 µg/mL in the mouse macrophage cell line 
RAW 264.7 at different time points presented as mean fluorescence 
increase compared to untreated cells
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MCP-1 is one of the chemokines involved in inflammation 
and angiogenesis in RA [33]. This chemokine is secreted 
by synovial stromal cells and, together with IL-8, attracts 
peripheral monocytes into the inflamed synovium [34].

IL-6 is a pleiotropic cytokine involved in B and T-cell 
proliferation and antibody production [35] and is another 
relevant pro-inflammatory cytokine in RA [36]. Produc-
tion of IL-6 and its receptor, IL-6R, by effector cells cause 
and prolong inflammation [37]. Hence, anti-IL-6 agents 
are another type of biological response modifiers that are 
being explored as an alternative for patients with RA refrac-
tory to anti-TNFα agents [37, 38]. IL-10 and family-related 
cytokines are also overexpressed in patients with RA and 
they have a regulatory role in the inflammation [39]. Both 
the unloaded and DXP-NPs did not induce the release of 
the inflammatory cytokines in non-treated cells (Support-
ing information Figure S2) and thus confirming their safe 
profile, together with the absence of toxicity and hemolysis.

DXP-NPs were highly internalized by the macrophages 
(Fig. 2C), the main cells at the inflammation tissues in 
RA, and they were able to inhibit the release of all the 
cytokines studied (TNF, MCP-1, IL-10, and IL-6) and 
expressed by these cells in the presence of the endotoxin 
LPS (Fig. 3). This proves the efficiency of the encapsulated 
drug because the inhibition of the inflammatory cytokines is 
one of the main anti-inflammatory pharmacological activi-
ties of the GC [40]. Besides, GCs induce the expression of 
anti-inflammatory proteins such as Annexin I (also called 

lipocortine-1) and MAPK phosphatase 1 through the bind-
ing in the DNA to the glucocorticoid-responsive elements 
(GRE) [41]. Other anti-inflammatory and immunosuppres-
sive mechanisms of the GC are the inhibition of several 
transcription factors, such as NF-kB and AP1, and the inter-
action with other second messengers, such as the PI3K-Akt-
eNOS that induces the release of nitric oxide [41]. Because 
some of those mechanisms are also involved in physiologic 
signaling, prolonged use or high doses of GC have signifi-
cant side effects [41]. Thus, GC formulations with more 
targeted delivery, together with an improvement of the PK 
and the use of lower doses, would be beneficial for the treat-
ment of inflammatory diseases.

Pharmacokinetics and biodistribution

DXP-NPs and free DSP were injected in mice for PK and 
biodistribution studies at an equivalent dose of 12 mg/kg 
of DXM. Both DXP and DXM were quantified by HPLC. 
For DXP-NPs, DXP and DXM concentrations in plasma 
remained high for almost 18 h, much longer than the com-
mercial injectable form of dexamethasone sodium phos-
phate, which only reaches a DXM concentration of 56 µM 
(Cmax) after injection (Fig. 4).

DXP-NPs showed a burst release effect and the initial 
DXM concentration (Co) in plasma was 164 µM. The DXP 
concentration was also high after injection. Two hours after 
injection, the concentration of both DXP and DXM started 

Fig. 3   Inhibition of the cytokine 
release in RAW 264.7 cells 
treated with the DXP nanoparti-
cles. The cells were stimulated 
with 0.1 µg/mL LPS for 3 h 
before adding the nanoparticles 
at 10 µg/mL of DXP. C + posi-
tive control, LPS 0.1 µg/mL. 
C − negative control, culture 
medium. DSP dexamethasone 
sodium phosphate
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to decrease. However, it remained always higher than the 
DXM concentration from DSP up to 18 h post-injection, 
which is indicative of a sustained release of the drug from 
the NPs. Eighteen hours after injection, the concentration of 
both compounds became similar to the DXM concentration 
in animals injected with the commercial DSP.

In general, the concentration of DXP and DXM was similar 
during all the pharmacokinetics in animals injected with the 
DXP-NPs which is indicative of an equilibrium between the 
inactive and the active form of the drug. A similar pharma-
cokinetic profile was also observed with a lipophilic nanofor-
mulation of the drug consisting of the formation of DXP NPs 
stabilized by distearoyl-sn-glycero-3-phosphoethanolamine-
N-[methoxy(poly(ethylene glycol))-2000] (DSPE-PEG2000) 
[14]. However, the DXP concentration decreased faster and 
the DXM concentration was higher in the lipophilic NPs, 
probably due to a higher exposure to esterases leading to faster 
degradation of the prodrug into the active DXM form [14]. On 
the contrary, here the prodrug is more embedded within the 
PLGA matrix that slows its release and subsequent degrada-
tion by esterases.

A non-compartmental analysis was used to compare the 
pharmacokinetic behavior of DXM in the plasma of ani-
mals injected with DXP-NPs or DSP. The PK parameters 
were summarized in Table 1. For DXP-NPs the maximum 
concentration (Cmax) was about 4 times higher than for DSP 
and it was reached after 2 h (Tmax), while for DSP the Cmax 
was reached 10 min after the administration of the drug and, 
after 2 h, the concentration started to decrease. The clear-
ance (Cl) was much faster for the soluble drug (0.0073 mL/
min) than for the encapsulated DXP (0.0041 mL/min) and 
the volume of distribution of the drug (Vd) was about 6 times 
higher for DSP. The Vd is the apparent volume in which 
a drug is distributed. Hence, the encapsulated drug is not 
distributed from blood to other organs and/or eliminated 
as fast as the soluble drug which confirms the capacity of 
NPs to stay longer in the bloodstream. Although the prodrug 
loading is much lower for DXP-NPs than for the lipophilic 
nanoformulation (7.5 vs 50% w/w), the use of PLGA-PEG 
for the encapsulation of the prodrug avoid the initial burst 
release observed in the lipophilic NPs, in which the Cmax 
was reached 10 min after administration, like in the soluble 
drug [14]. Besides, the polymer encapsulation reduced the 

Vd about 3 times in comparison with the lipophilic nanofor-
mulation and the conversion of the prodrug into the active 
drug, indicating a more protected and sustained release of 
the GC. The area under the curve for the measured kinetics 
(AUC​0–1080) was about 3.6 times higher for the encapsulated 
drug than the soluble drug, and the AUC extrapolated to the 
infinite (AUC​0–∞) was almost 1.8 times than for the soluble 
drug. Similar values were also obtained for lipophilic nano-
formulation, indicative of a higher exposure of the drug in 
animals injected with the encapsulated prodrug in compari-
son with the DSP formulation. Contrary, the half-life (t1/2) 
in the plasma and the MRT were superior for the soluble 
drug, but this could be due to the plateau observed for DSP, 
as described before [14].

The biodistribution of the GC in the liver, spleen, kidneys, 
and lung was also characterized in animals injected with 
DXP-NPs or DSP (Fig. 5). In both groups, DXM accumu-
lated mainly in the liver. This accumulation was higher for 
the soluble drug (DSP), reaching almost 30% of the injected 
dose, while for the encapsulated drug was always inferior 
to 20%. The opposite was observed for the other organs 
studied. The encapsulated drug reached higher concentra-
tions, mainly in the spleen, with an accumulation of almost 
6% compared to less than 0.5% in the commercial drug. A 
higher accumulation of DPX and DXM in the spleen, in 
comparison with the soluble drug, was also observed for 
the lipophilic nanoformulation but not in the kidney or lungs 
[14]. There were some differences in the kinetics of the drug 
in the liver and spleen between NPs and DSP. While for DSP 
the concentration decreased all the time, for DXP-NPs the 
concentration increased up to 8 h and then decreased until 
the end of the pharmacokinetics, according to a slower clear-
ance from the plasma (Fig. 4). Yet, for the lung and kidneys, 
the concentration of the drug decreased for both formula-
tions. The preferential accumulation in the liver and spleen is 
a common feature for most particles in the nanometer range 
due to their rapid internalization by resident macrophages 
of the MPS and the fenestrated epithelia of these organs 
[42]. This accumulation depends on particle size, among 
other properties, i.e., particles in the range of 50–100 nm 
and 200–500 nm are mainly accumulated in the liver and 
spleen, respectively, while particles in the micrometer range 
accumulate preferentially in the lungs [43]. For that reason, 
monodisperse nanostructures with a size of 100–200 nm are 
preferred for intravenous administration, such as in the case 
of DXP-NPs.

A higher accumulation of the drug in the lungs of animals 
injected with DXP-NPs compared to animals injected with 
DSP could be indicative of some coalescence or crystalli-
zation process in the formulation after injection. However, 
the concentration of DXP and DXM was always below 2% 
of the injected dose in the lungs, where the larger particles 
could accumulate, and it decreased fast in a time-dependent 

Table 1   Scoring system for subjective evaluation of disease severity 
in CIA mice

Score Observation

0 No sign of inflammation
1 Paw swelling and/or swelling or redness confined to 1 digit
2 Swelling or redness confined to 2 digits
3 Swelling or redness in 3 digits and/or the entire paw
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manner. The same trend was observed for kidneys, and in 
the liver and spleen after reaching the maximum concentra-
tion. Therefore, all the organs studied were able to clear 
the GC and avoid long-term accumulation. Besides, the GC 
was mainly accumulated as the prodrug (DXP) in animals 
injected with the DXP-NPs, probably due to a lack of ester-
ases in the healthy tissues that catalyze the degradation of 
the PLGA NPs and metabolize the prodrug into the active 
drug. This could be an advantage compared to the soluble or 
encapsulated DXM form because the prodrug is not active 
and it would avoid the undesirable effects associated with 
the use of GC in those organs.

Therapeutic efficacy

The therapeutic efficacy of DXP-NPs was tested in vivo in 
the CIA mouse model and compared to soluble DSP and 
non-treated animals (PBS group). The treatments or PBS 

were administered three times every other day starting at day 
32 after the first immunization and the animals were sacri-
ficed at day 38. For the DXP-NPs and DSP group, the equiv-
alent DXM dose injected was 1 mg/kg each time. Figure 6 
shows how the animals treated with DXP-NPs were able to 
reduce both the arthritic score of the disease from 8 to 1 and 
the paw volume from 0.1935 mL to basal levels (0.1385 mL) 
compared with PBS-treated animals (p < 0.0001). Moreover, 
the animals treated with DSP also reduced significantly both 
parameters compared to the untreated animals (p < 0.05 and 
p < 0.001, respectively), but the therapeutic efficacy of the 
DXP-NPs was higher than that of DSP. Although the dif-
ference in the reduction of the paw volume was not statisti-
cally significant, the decrease of the arthritis score was more 
relevant for the encapsulated drug compared to the soluble 
DSP (p < 0.01). Hence, the therapeutic efficacy of the encap-
sulated GC is higher than that of the soluble drug at the dose 
of 1 mg/kg DXM, in agreement with the results obtained for 
the lipophilic nanoformulation [15]. Moreover, the reduc-
tion of the arthritic score is more significant for DXP-NPs 
in comparison with the lipophilic nanoformulation at the 
same dose (p < 0.01 vs p < 0.05), in agreement with the more 
sustained GC release and slower clearance from the blood. 
The results confirmed the efficiency of PLGA-PEG NPs to 
deliver a therapeutic drug in the inflamed tissues in rheu-
matoid arthritis, likely due to the leaky vasculature and the 
angiogenesis that occurs in the inflamed joints and the asso-
ciated ELVIS effect [20]. Indeed, the capacity of DXP-NPs 
to undergo extravazation and accumulation in the inflamed 
joints was demonstrated for lipophilic nanoformulation, with 
a size of 130 nm, by using fluorescent labeling [14].

Cytokine release in CIA mouse sera

The cytokine release in CIA-mouse serum was quantified 
using a custom-made flow cytometry bead assay. Apart from 
TNFα and MCP-1 (CCL2) that were highly expressed in the 
inflammation model in vitro and inhibited by DSP and DXP-
NPs, IL-6, IL-4, IL-10, IL-17A, and IL-1β were also tested 
because they are relevant cytokines in RA disease [44, 45]. 
The serum samples were taken before the administration of 
the treatments, day 31, and the day after receiving the third 
and last dose, day 37, to check if the encapsulated DXP was 
able to inhibit the release of these cytokines and to compare 
with the soluble drug. Besides a clear inhibition of the IL-6 
by the GC, which was only significant for DXP-NPs but not 
for DSP, the treated animals preserved or decreased to a lit-
tle extent the concentration of all the other cytokines tested 
compared with the non-treated animals (Fig. 7). Interest-
ingly, in the case of IL-1β, the concentration was signifi-
cantly higher at day 37 for all the three groups compared to 
day 31 (Supplementary figure S3) and MCP-1 that was not 
significantly modified by the treatments (Fig. 7) contrary 
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Fig. 4    (top) Pharmacokinetics of the DXP nanoparticles in the 
plasma of healthy mice. The prodrug (DXP) and the active drug 
(DXM) were measured in the animals injected with the nanoparticles, 
and compared with the concentration of DXM in animals injected 
with the commercial soluble dexamethasone phosphate (DSP). (bot-
tom) Pharmacokinetics parameters of DXM in plasma for DXP-NPs 
and DSP, calculated with a non-compartmental analysis. Cmax maxi-
mum plasma concentration of drug, Tmax time for drug concentration 
to reach Cmax, C0 initial concentration, AUC​ area under the plasma 
concentration vs time curve, t1/2 half-life, MRT mean residence time, 
Cl clearance of drug, and Vd volume of distribution
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to what was observed for the RAW 264.7 cells treated with 
LPS.

TNFα and IL-10 were inhibited in animals treated with 
encapsulated DXP but not DSP compared to the untreated 
group (PBS) at day 37 and IL-4 was inhibited by both DSP 

and DXP-NPs. Moreover, IL-17A increased significantly 
from day 31 to day 37 for PBS and DSP-treated animals but 
not for animals treated with DXP-NPs.

The higher therapeutic efficacy of the encapsulated 
prodrug into DXP-NPs is also reflected by a more efficient 

Fig. 5   Biodistribution of DXP 
and DXM after injection of 
DXP-NPs in healthy mice, or 
the soluble dexamethasone 
phosphate (DSP) as a control. 
Results are expressed as the 
percentage of the injected dose
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Fig. 6   Arthritis score A  and paw volume B  for DSP and DXP-NPs 
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inhibition of inflammatory cytokines compared to the solu-
ble drug. Yet, DXP-NPs were not efficient in the inhibition 
of all the cytokines measured and in all the animals treated, 
at least at the selected dose. Nevertheless, a kinetic study 
from the onset of the disease to the end of the treatments 
would reflect more accurately the changes in the evolution 
of the cytokine expression for the three different groups 
(PBS, DSP, and DXP-NPs) because cytokine expression in 
the CIA model is time-dependent [46]. In situ studies in 
the inflamed joints would also reflect better the changes in 
cytokine expression induced by the GC treatment.

Histology of the knee in CIA mice

After the sacrifice of the animals, the hind paws were col-
lected for histology characterization. Changes in the knee 
structure caused by the inflammation and the immune pro-
cess associated with RA can be observed in non-treated ani-
mals (Fig. 8). The main changes, besides bone and cartilage 
erosion and reduction of the synovial space, are the infiltra-
tion of immune cells in the bone marrow (green arrows) and 
the fat pad (black arrows).

The soluble DSP was not able to reverse the histological 
changes in the knee of the CIA mice (Fig. 8). Side effects 

induced by the GC are a drawback in their use for the treat-
ment of RA [3]. Among those side effects, bone erosion 
would be the greatest disadvantage in their clinical use for 
RA treatment.

On the contrary, the encapsulated DXP has shown a better 
histological outcome with a reduction of cell infiltration and 
bone distortion in the responding animals (Fig. 8). However, 
the histology of the knee was not completely recovered and 
the cartilage and bone erosion was not entirely avoided. This 
bone and cartilage erosion, together with the synovial space 
reduction, could appear early after the onset of the disease. 
Hence, the histological damage could have occurred before 
the administration of the treatment. However, the presence 
of chondrocytes (yellow rectangle) in DXP-NPs adminis-
tered to animals could be indicative of the activation of a 
regeneration process in the animals to recover the cartilage.

In summary, the use of a prodrug (DXP) encapsulated 
into PEGylated NPs, for an increased circulation time, 
improved the therapeutic efficacy compared to soluble DSP 
(Fig. 5). Moreover, the presence of specific enzymes in the 
inflamed tissue that allows the activation of the prodrug, 
such as the case of the esterases, and the sustained release 
(Fig. 4) were relevant to the therapeutic effect observed 
in CIA animals and the improvement of the histological 

Fig. 7   Changes on cytokine concentration in CIA-mouse serum of animals treated with DSP, DXP-NPs, or PBS before (day 31) and after the last 
treatment (day 37)
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damage induced by the disease (Fig. 8). This formulation 
appears as a relevant strategy for the development of future 
therapeutic approaches in the treatment of RA using novel 
and more disease-specific drugs.

Conclusions

DXP has been encapsulated into PLGA-PEG NPs with 
high encapsulation efficiency. This formulation was stable 
for about 1 month and showed a spherical shape, a homo-
geneous size, and a negative zeta potential similar to the 
unloaded PLGA-PEG NPs. DXP-NPs were highly inter-
nalized by a macrophage cell line and were able to inhibit 
the release of inflammatory cytokines in vitro. Moreover, 
the unloaded and DXP-loaded NPs were not toxic for those 
cells and not able to induce hemolysis. The formulation also 
exhibited a better pharmacokinetic profile than the soluble 

drug with a sustained drug release. The concentration in 
plasma after injection in healthy animals remained high up 
to 18 h, much longer than the commercial soluble drug, and 
the DXP-loaded NPs accumulated in the organs mainly as 
the prodrug. The therapeutic efficacy of DXP-NPs was also 
increased significantly compared with the soluble drug. The 
arthritis score and the paw volume after the injection of three 
doses of the treatment were much lower than those obtained 
with soluble DSP. Moreover, some inflammatory cytokines 
were also reduced significantly after 37 days compared with 
non-treated and DSP-treated animals. Besides, the histologi-
cal damage and cell infiltration were also reduced better by 
DXP-NPs. In summary, DXP-NPs have proven to be a good 
formulation for a more rational delivery of DXM that could 
be used in inflammatory diseases such as RA.

Supplementary information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s13346-​021-​01112-3.

Fig. 8   Histology of the knee 
of CIA mice treated with PBS, 
DSP, or DXP-NPs. The treat-
ments were administered intra-
venously three times every other 
day and the DXM dose injected 
was 1 mg/kg each time for DSP 
and DXP-NPs. Cell infiltration 
in the bone marrow and fat 
pad (green and black arrows, 
respectively). F femur, BM bone 
marrow, M meniscus, T tibia
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