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Purpose: Curcumin exhibits antioxidant properties potentially beneficial for human health; 

however, its use in clinical applications is limited by its poor solubility and relative instability. 

Nanoparticles exhibit interesting features for the efficient distribution and delivery of curcumin 

into cells, and could also increase curcumin stability in biological systems. There is a paucity of 

information regarding the evolution of the antioxidant properties of nanoparticle-encapsulated 

curcumin.

Method: We described a simple method of curcumin encapsulation in poly-lactic-co-glycolic 

acid (PLGA) nanoparticles without the use of detergent. We assessed, in epithelial cells and 

in an acellular model, the evolution of direct antioxidant and antinitrosant properties of free 

versus PLGA-encapsulated curcumin after storage under different conditions (light vs darkness, 

4°C vs 25°C vs 37°C).

Results: In epithelial cells, endocytosis and efflux pump inhibitors showed that the increased 

antioxidant activity of PLGA-encapsulated curcumin relied on bypassing the efflux pump system. 

Acellular assays showed that the antioxidant effect of curcumin was greater when loaded in 

PLGA nanoparticles. Furthermore, we observed that light decreased, though heat restored, 

antioxidant activity of PLGA-encapsulated curcumin, probably by modulating the accessibility 

of curcumin to reactive oxygen species, an observation supported by results from quenching 

experiments. Moreover, we demonstrated a direct antinitrosant activity of curcumin, enhanced 

by PLGA encapsulation, which was increased by light exposure.

Conclusion: These results suggest that the antioxidant and antinitrosant activities of encap-

sulated curcumin are light sensitive and that nanoparticle modifications over time and with 

temperature may facilitate curcumin contact with reactive oxygen species. These results high-

light the importance of understanding effects of nanoparticle maturation on an encapsulated 

drug’s activity.

Keywords: PLGA nanoparticles, antioxidant, curcumin, evolution, maturation

Background
Curcumin (Cur) is a natural polyphenolic compound extracted from Curcuma longa 

(turmeric). Long used in traditional medicine, it has more recently attracted consid-

erable research attention since it exhibits a wide spectrum of biological activities: 

antioxidant, anti-inflammatory, antiviral, antimicrobial, and anticancer.1 Among 

its antioxidant activities, curcumin inhibits lipid peroxidation and scavenges superoxide 

anions, singlet oxygen, nitric oxide, and hydroxyl radicals.2,3 However, nonlinear dose–

response curves for the antioxidant activity of curcumin have been described. Low 

doses of curcumin appeared protective for reactive oxygen species (ROS) induction 

or ROS-induced DNA damage, while higher doses were deleterious.4,5
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Curcumin behaves as a universal anti-inflammatory drug 

but studies have revealed that one of the major problems 

with curcumin is its poor bioavailability in vivo due to its 

hydrophobic nature. Another drawback of curcumin is its 

stability, influenced by pH,6,7 temperature,8,9 light,10 and enzy-

matic modifications.11 Some of the resultant metabolites are 

biologically active and possess antioxidant properties.7,12–14 

It follows that only traces of orally administered curcumin 

appear in blood plasma, while most is excreted after rapid 

metabolism in the intestine.15

Curcumin has been shown to interact with phospholipids,16,17 

surfactants,18 or proteins.19 Hence, curcumin is usually taken 

orally as an oil emulsion. To enhance curcumin delivery, 

methods have been developed including incorporation into 

liposomes20 and lipid-based nanoparticles (NPs).21 An obvi-

ous alternative is the use of polymer-based NP,22 an approach 

that has been used to deliver natural products or synthetic 

drugs.23–25

Poly-lactic-co-glycolic acid NP (PLGA-NP), a biodegrad-

able polymer, are well characterized and suitable for clinical 

trials.26,27 Curcumin-loaded PLGA-based NP (Cur-NP) have 

been observed to improve curcumin biological activity, par-

ticularly as an anticancer drug.28–31 However, little is known 

about the antioxidant activity of Cur-NP.32 In this paper, we 

evaluate the loading of curcumin into PLGA-NP ,100 nm in 

size and study the mechanisms involved in their antioxidant 

activity, in both epithelial cells and acellular assays, as well 

as the light and temperature stability of Cur-NP with respect 

to this antioxidant activity. A direct antinitrosant activity of 

curcumin and Cur-NP is also described. Finally, we propose 

a model depicting the mechanisms involved in the evolution 

of the antioxidant activity of curcumin as Cur-NP concurrent 

with the maturation of the PLGA-NP.

Methods
Materials
RG503H Resomer® (PLGA), H2DCF-DA (2 ′ ,7 ′-
dichlorodihydrofluorescein diacetate), DAF-FM DA 

(diaminofluorescein-FM diacetate), TBHP (tert-butyl 

hydroperoxide), curcumin, filipin III, nystatin, phenylarsine 

oxide, and chlorpromazine were obtained from Sigma-Aldrich 

(St Louis, MO, USA). Elacridar was supplied by Santa-Cruz 

Biotechnology Inc. (Dallas, TX, USA) and PapaNONOate 

(1-hydroxy-2-oxo-3-(3-aminopropyl)-3-propyl-1-triazene) 

by Enzo Life Sciences (Villeurbanne, France). ATTO540Q® 

quencher was purchased from Atto-Tec Gmbh (Siegen, Ger-

many). DiD (1,1′-dioctadecyl-3,3,3′,3′-tetramethylindodicar

bocyanine, 4-chlorobenzenesulfonate salt), RPMI-1640, fetal 

calf serum, glutamine, and antibiotics were purchased from 

Life Technologies (Saint-Aubin, France).

cell culture
A549 airway epithelial cells were maintained in RPMI-1640 

supplemented with 10% fetal calf serum, 2 mM glutamine, 

and 1% penicillin-streptomycin in 5% CO
2
 at 37°C. Seeding 

and propagation were performed by trypsinization.

synthesis and characterization of Plga-NP 
and cur-NP
PLGA-NP were produced by nanoprecipitation at room 

temperature.25,33 Resomer® (PLGA polymer) was dissolved at 

10 mg/mL in an acetone/ethanol mixture (85:15) composing 

the organic phase. Dissolution was performed for 5 minutes 

under stirring at 150 rpm. Dissolved Resomer® was then 

injected into ultrapure water (aqueous phase) under stir-

ring at 150 rpm. No surfactant was added at any step of the 

synthesis. Residual organic solvents were eliminated under 

vacuum evaporation at 27°C.

To produce Cur-NP, curcumin was added directly to 

the organic phase after the dissolution of the Resomer® 

and before injection into the aqueous phase. Curcumin 

was thus encapsulated in NP during nanoprecipitation. For 

fluorophore-labeled PLGA-NP, DiD (0.1% w/w) was also 

added to the organic phase after dissolution of Resomer® and 

before injection into the aqueous phase.

The mean diameter of NP was determined by laser light 

scattering with the ZetaSizer NanoZS analyzer (Malvern 

Instruments, Malvern, UK). The analyses were performed 

in ultrapure water. The sizes are expressed as Z-average. 

The zeta potential of NP, expressed in mV, was determined 

by electrophoretic migration in water (ZetaSizer NanoZS 

analyzer, Malvern Instruments).

Encapsulation efficiency of curcumin  
into cur-NP
Cur-NP were purified by size-exclusion chromatography 

on a PD-10 column packed with Sephadex G25 following 

the manufacturer’s protocol (GE HealthCare LifeSciences, 

Velizy, France). Fractions were collected and the purified 

Cur-NP were lyophilized and resuspended in acetonitrile 

(encapsulated curcumin). In parallel, nonpurified Cur-NP 

were directly lyophilized and resuspended in acetonitrile 

(total curcumin). The amount of curcumin in NP was 

analyzed and quantified by high-performance liquid chro-

matography (HPLC) with an external calibration. Percent 

encapsulation efficiency (EE) was calculated as follows:  
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% EE = (Curcumin encapsulated/Curcumin total) ×100. The 

chromatographic analyses were performed on a Waters 600 

HPLC system equipped with a Waters 996 Photodiode Array 

detector (curcumin detection at OD =429 nm). The sample 

loop was 20 µL (Rheodyne 7125 injector). Chromatographic 

data were collected and processed on a computer running Mil-

lennium 2010 software, version 3.20. The analytical column 

(SunFire C18, 250×4.6 mm, internal diameter 5 µm) was 

purchased from Waters (Tokyo, Japan). The mobile phase 

consisted of acetonitrile/water (50:50, v/v). The flow rate 

was 0.6 mL⋅min-1. All separations were carried out at 30°C. 

Acetonitrile of analytical grade was obtained from Merck 

(Nogent-sur-Marne, France) and deionized water was obtained 

from Milli-Q system (Millipore, Molsheim, France).

rOs and rNs measurements
A549 epithelial cells were seeded on 96-well plates at a 

density of 3×104 cells per well for 72 hours. Cells were 

washed twice with PBS and a detector probe was added 

for 30 minutes at 37°C. Cells were again washed twice 

and the inducer was added, immediately followed by free 

or Cur-NP. For acellular experiments, the detector probe, 

inducer and free or NP-formulated curcumin were added 

to empty 96-well plates. For ROS measurements, the ROS 

detector probe was 10 µM H2DCF-DA in PBS and the 

inducer was 100 µM TBHP in PBS. For reactive nitrogen 

species (RNS) measurements, the RNS detector probe was  

5 µM DAF-FM DA and the inducer was 10 µM PapaNONOate. 

Both of these detector probes are nonfluorescent compounds 

based on fluorescein that, upon oxidation by ROS or RNS, 

becomes fluorescent (λex: 495 nm, λem: 515 nm). The evolu-

tion of antioxidant activity of free curcumin and Cur-NP was 

measured in various storage conditions of light (natural light 

without direct sun exposure vs darkness) and temperature 

(4°C, room temperature of 22°C, and 37°C in a cell culture 

incubator).

Mechanism of entry of curcumin and NP 
into cells
The A549 epithelial cells were seeded for 72 hours in six-well 

plates at a density of 5×105 cells per well. After two washes 

with PBS, cells were treated with endocytosis or efflux pump 

inhibitors. After 5 minutes, free curcumin or DiD-labeled 

PLGA-NP (15 µg) were added for 40 minutes. Cells were 

then washed with PBS, detached with trypsin, harvested by 

centrifugation, and diluted in PBS before analysis by flow 

cytometry on a CyAn ADP Analyzer (Beckman Coulter, 

Brea, CA, USA). Cells were selected by their size and 

cellular complexity (side scatter and forward scatter). For 

each event (minimum 5,000 cells), fluorescence intensities 

(FITC) were reported and the mean fluorescence intensities 

were calculated. The inhibitors were used at the following 

concentrations: filipin III (10 µg/mL), nystatin (20 µg/mL), 

phenylarsine oxide (2 µg/mL), chlorpromazine (15 µg/mL), 

elacridar (55 µg/mL).

Quenching of free or formulated 
curcumin
Free or formulated curcumin was exposed to light for 

0–2 days and then incubated for 1 day at 37°C. The 

ATTO540Q® quencher was dissolved in dimethyl sulfoxide 

(DMSO) at 1 mg/mL. Control (H
2
O), PLGA-NP, free cur-

cumin, and Cur-NP were then added to a 96-well plate with 

H
2
O (control), DMSO, or ATTO540Q® and fluorescence of 

curcumin (λex: 485 nm/λem: 538 nm) was measured. Values 

for Cur-NP treated with DMSO represented unquenched 

curcumin, while those obtained after ATTO540Q® treatment 

represented quenched curcumin. The percentage of quench-

ing was then calculated as follows: % Q =100- ([Quenched 

curcumin/Unquenched curcumin] ×100).

statistics
Student’s t-tests or analysis of variance (ANOVA) were used 

to determine the significance of variations between groups 

using GraphPad Prism 5® software.

Results
Design and characterization of curcumin-
loaded Plga-NP
PLGA-NP were made by a simple, one-step, and surfactant-

free nanoprecipitation method. PLGA was dissolved into 

organic solvents and injected into distilled water. Solvents 

were then eliminated by vacuum evaporation. PLGA-NP had 

a mean diameter of 96.36 nm and a poly-dispersity index of 

0.18, indicating that the NP were monodispersed. Their zeta 

potential was -40.9 mV (Table 1).

Table 1 Size, zeta potential, and encapsulation efficiency of 
Plga-NP and cur-NP

Formulation Size (SD), nm pdi Zeta potential (mV)

Plga-NP 96.36 (40.88) 0.18 -40.9
cur-NP 88.39 (38.52) 0.19 -51.1

Notes: Plga-NP and cur-NP (0.75‰ w/w) were synthesized by nanoprecipitation 
in water. size and zeta potential were analyzed by dynamic light scattering and 
electrophoretic mobility.
Abbreviations: Plga, poly-lactic-co-glycolic acid; NP, nanoparticles; cur-NP, 
curcumin-loaded Plga-based nanoparticles; pdi, polydispersity index. 
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The size of Cur-NP was 88.39 nm and their poly-dispersity 

index 0.19, while their zeta potential was -51.1 mV (Table 1).  

Size was slightly lower than empty PLGA-NP while zeta 

potential was slightly higher.

antioxidant effect of cur-NP in epithelial 
cells
Cells were treated with free curcumin (from 0 to 20 µM) 

or Cur-NP, then ROS were induced after 30 minutes with 

TBHP treatment. Increasing doses of free curcumin lowered 

the ROS induction in a dose-dependent manner. Cur-NP 

(containing 0.4 µM of curcumin) showed a similar anti-

oxidant effect to that of 4 µM of free curcumin as soon as 

TBHP was added (Figure 1A). This was not dependent on 

the PLGA-NP themselves which did not show any anti-

oxidant or pro-oxidant activity (Figure S1). To determine 

the effect of the curcumin:NP ratio on antioxidant activ-

ity, dose–response curves of free and NP-encapsulated 

curcumin were obtained using two approaches: either with 

a fixed amount of PLGA-NP that encapsulated increasing 

doses of curcumin, or with a fixed dose of curcumin encap-

sulated in increasing amounts of PLGA-NP. This was done 

in order to discriminate between the antioxidant properties 

of curcumin observed when using NP highly concentrated 

in curcumin from those observed when using NP weakly 

concentrated in curcumin. A gradual increase of antioxidant 

activity was observed when the amount of free curcumin 

was increased. Increasing amounts of Cur-NP also exhibited 

a proportional antioxidant activity (Figure 1B). Interest-

ingly, the dose of 4 µM of free curcumin had comparable 

antioxidant activity to 0.4 µM of Cur-NP, meaning that 

encapsulation into PLGA-NP led to a tenfold increase in 

antioxidant activity. For 2 µM and 4 µM of curcumin in 

Cur-NP, a 20- to 50-fold increase over the values for free 

curcumin was observed.

We also observed that decreasing the loading of curcumin 

per NP while keeping the curcumin concentration constant 

(2 µM) did not alter the antioxidant effects observed. This 

meant that the amount of NP was not deleterious for the entry 

of NP into the cells. Since equivalent antioxidant effects 

were achieved with 40–100 µM of free curcumin or 2 µM 

of Cur-NP, this last dose was considered as optimal. Finally, 

retaining the dose of 2 µM of curcumin, the curcumin load-

ing was modulated by using various amounts of NP. Lower 

loading (using more NP to deliver the same curcumin dose) 

tended to produce a slight increase in the antioxidant effects 

of curcumin, although these differences were not statistically 

significant (Figure 1B). All subsequent experiments were 

therefore conducted with 2 µM of PLGA-encapsulated cur-

cumin with a loading of 0.75‰. The EE of this antioxidant 

Cur-NP formulation was determined by HPLC as being 

44.2%±1.01%.

Figure 1 NP-formulated curcumin is more potent antioxidant that free curcumin.
Notes: (A) a549 cells were loaded with h2DcF-Da then treated with TBhP and free (from 0 to 20 µM) or encapsulated (0.4 µM) curcumin. Fluorescence of h2DcF-Da 
was measured to quantify rOs induction. (B) a549 cells were treated as in (A). Various amounts of curcumin (by varying the load of curcumin into Plga-NP) or various 
amounts of Plga-NP (with the same of concentration of curcumin) were used to determine and compare the antioxidant activity of free and NP-formulated curcumin. 
Theoretical drug loading is indicated and results are expressed in mean ± seM.
Abbreviations: cur-NP, curcumin-loaded Plga-based NP; NP, nanoparticles; h2DcF-Da, 2′,7′-dichlorodihydrofluorescein diacetate; TBHP, tert-butyl hydroperoxide; 
Plga, poly-lactic-co-glycolic acid; seM, standard error of the mean; rOs, reactive oxygen species; wt, weight.
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Mechanism of free curcumin and NP 
entry into epithelial cells
To determine the mechanisms involved in the uptake of free 

curcumin and Cur-NP by epithelial cells and to investigate 

their possible effect upon the greater observed antioxidant 

activity of Cur-NP relative to free curcumin, endocytosis 

pathway and efflux pump inhibitors were used. Treatment of 

cells with curcumin or NP was preceded by inhibitor treat-

ment. Cells were then analyzed by cytometry by exploiting 

the intrinsic fluorescence of curcumin.

For free curcumin, a slight increase in uptake by cells 

was observed using caveolae (filipin III and nystatin) and 

clathrin pathway inhibitors (phenylarsine oxide and chlo-

rpromazine). However, a greater increase was shown with 

elacridar (Figure 2A), an inhibitor of the efflux pump system 

that targets P-gp/ABCG1 and BCRP/ABCG2. This suggested 

that free curcumin diffuses through the plasma membrane but 

is excluded from cells by the multidrug resistance system.

A strong decrease in endocytosis of NP was observed 

with caveolae inhibitor treatment (Figure 2B). Contrary to 

what was observed with free curcumin, elacridar treatment 

had no effect on NP endocytosis.

Taken together, these results demonstrate that curcumin 

and NP entered the cells by diffusion and endocytosis, respec-

tively. They also suggest that the increase of the antioxidant 

activity of Cur-NP was probably due to an increase of the 

delivery by the NP into vesicles bypassing the multidrug 

resistance efflux pumps.

acellular system to measure antioxidant 
activity of curcumin
An in vitro, acellular system was developed to analyze the 

antioxidant activity of Cur-NP under conditions where no 

delay in endocytosis or degradation of the NP could occur. 

Free or Cur-NP was directly added to a ROS inducer (TBHP) 

with a ROS detector probe (H2DCF-DA). In the absence of 

curcumin, a progressive increase in ROS was detected and 

attained a 6.5-fold induction after 1 hour, while addition of 

free curcumin reduced this to a maximum threefold induction; 

Cur-NP was even more efficient than free curcumin and com-

pletely prevented ROS induction (Figure 3). This showed that 

curcumin encapsulated in NP has stronger antioxidant activity 

compared with free curcumin, even in the acellular system. 

This system further enabled us to follow the evolution of the 

antioxidant properties of PLGA-encapsulated curcumin when 

the formulations were exposed to light or heat.

light and temperature effects on 
antioxidant properties of curcumin
The stability of free or Cur-NP antioxidant activity was 

then studied in the acellular system described earlier. Free 

curcumin was stored for 2 days in the dark at 4°C, 37°C, 

or 25°C, and under natural light at 25°C. The antioxidant 

effect of free curcumin reduced the amount of ROS by 

about 50% compared with the control. This antioxidant 

activity did not change over time or as a function of storage 

temperature. However, an increased in ROS was observed 

when curcumin was stored for 2 days under conditions of 

natural light, meaning that curcumin lost some of its anti-

oxidant activity under these storage conditions (Figure 4A). 

Cur-NP was also examined under the same conditions. 

Compared with D0, which had an antioxidant effect of 

over 80%, no difference was observed when Cur-NP for-

mulations were stored in the dark for 2 days at 4°C, 37°C, 

or 25°C. Nonetheless, as for free curcumin, more ROS 

were observed with Cur-NP stored at 25°C under light for  

Figure 2 Mechanism of potentiation of antioxidant activity by Plga-NP.
Notes: A549 cells were treated with endocytosis pathway (Fil, Nys, PAO, Chl) or efflux pump (Ela) inhibitors then loaded with free curcumin (A) or Plga/DiD-NP (B). 
The fluorescence was analyzed by cytometry and results are expressed as mean fluorescence intensity ± seM.
Abbreviations: Plga, poly-lactic-co-glycolic acid; NP, nanoparticles; DiD, 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate salt; seM, 
standard error of the mean; Fil, filipin III; Nys, nystatin; PAO, phenylarsine oxide; Chl, chlorpromazine; Ela, elacridar.
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2 days, meaning that the antioxidant properties of Cur-NP 

had decreased. All Cur-NP (except those initially stored at 

37°C) were then kept for an additional day in the dark at 

37°C (D2+), to determine whether temperature modulates 

PLGA porosity and degradation, and hence curcumin 

accessibility. No difference was observed for 4°C or 25°C 

(darkness) conditions; however, formulations first exposed 

to light and then 37°C demonstrated renewed antioxidant 

activity (Figure 4B). These data suggest that the antioxidant 

activity of Cur-NP that had been reduced by light exposure 

could be subsequently restored by exposure to moderate 

heat (37°C).

light and temperature effects on 
antinitrosant properties of curcumin
To gain more insight into the properties of curcumin, antini-

trosant activity tests targeting RNS were designed, studying 

the same storage conditions as mentioned earlier, and using 

Figure 3 Development of an in vitro acellular method for measuring the antioxidant 
activity of cur-NP.
Notes: The oxidation probe h2DcF-Da and the rOs donor ThBP were put into 
an empty 96-well plate. Then free or formulated curcumin (2 µM) was added and 
fluorescence of the probe was followed for 60 minutes. The Cur-NP was more 
antioxidant than free curcumin. results are expressed in mean ± seM.
Abbreviations: h2DcF-Da, 2′,7′-dichlorodihydrofluorescein diacetate; ROS, 
reactive oxygen species; ThBP, tert-butyl hydroperoxide; Plga, poly-lactic-co-
glycolic acid; cur-NP, curcumin-loaded Plga-based nanoparticles; seM, standard 
error of the mean; NP, nanoparticles.

°°°°

°° °°

Figure 4 light and heat effects on cur-NP antioxidant and antinitrosant activities.
Notes: antioxidant (A, B) and antinitrosant (C, D) activities of free (A, C) or NP-formulated (B, D) curcumin were analyzed in vitro. Free or NP-formulated curcumin were 
stored in various conditions of light and temperature (darkness: 4°c, 25°c, 37°c; light: 25°c exposed to light) for 0 (D0), 1 (D1), or 2 (D2) days. an extra-day at 37°c (D2+) 
was included for some conditions to study Plga-NP maturation and its effect on curcumin release and availability. (A) light exposure of free curcumin decreased its antioxidant 
activity. ***P,0.005 versus D1 light. (B) light exposure of NP-formulated curcumin decreased its antioxidant activity, but this was restored by a 1-day incubation at 37°c. 
***P,0.005 versus D0, D1, and other D2. (C) light exposure of free curcumin increased its antinitrosant activity. ***P,0.005 versus other D2. (D) Incubation at 25°c of NP-
formulated curcumin decreased its antinitrosant activity; this was not restored by a 1-day incubation at 37°c. light exposure exacerbated the decrease in antinitrosant activity 
of NP-formulated curcumin. ***P,0.005 versus D0 and other D2. results are expressed in mean ± seM.
Abbreviations: cur-NP, curcumin-loaded Plga-based nanoparticles; F, free curcumin; Plga, poly-lactic-co-glycolic acid; NP, nanoparticles; seM, standard error of the 
mean; rOs, reactive oxygen species; rNs, reactive nitrogen species.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2015:10 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

5361

evolution of antioxidant activity of curcumin in Plga nanoparticles

our acellular system as before. As RNS induction decreased, 

the antinitrosant activity of free curcumin increased with 

time and was not affected by temperature. However, expo-

sure to light increased the antinitrosant activity of curcumin 

(Figure 4C). The antinitrosant activity of Cur-NP was higher 

than free curcumin at D0. This activity seemed maximal and 

did not vary when Cur-NP were stored in the dark for 2 days 

at 4°C or 37°C. However, decreased antinitrosant activity 

was shown when NP formulations were stored at 25°C, and 

this was exacerbated with light exposure. An additional day 

of storage at 37°C did not renew the antinitrosant activity 

of Cur-NP in the same way as observed for their antioxidant 

activity (Figure 4D).

evolution of curcumin accessibility in 
Plga-NP with light exposure
In an attempt to explain the evolution of antioxidant and 

antinitrosant activities of Cur-NP when exposed to light, 

quenching experiments were performed. A quencher dye, 

(ATTO540Q®) able to absorb the emission wavelengths 

of curcumin upon contact, was used. Free curcumin 

fluorescence was easily quenched (more than 80%) in 

this system (Figure 5A), since it was freely accessible. 

For NP-formulated curcumin, quenching was about 40%, 

meaning that curcumin was only partially accessible to 

the quencher dye. This quenching further decreased after 

2 days storage under natural light (Figure 5B), suggesting 

that PLGA-NP formulated curcumin was less accessible 

after light exposure, and perhaps explaining the reduced 

antioxidant activity seen in the ROS experiment earlier. 

Subsequent incubation of the PLGA-curcumin formula-

tion at 37°C returned quenching measurements to their 

initial value, suggesting an increase in the porosity of the 

NP or an intra-particle redistribution of curcumin upon 

exposure to heat.

Discussion
The PLGA is a copolymer approved by the US Food and Drug 

Administration, and the European Medicines Agency, for use 

as a drug delivery system by parenteral administration. It is 

widely studied as a vector for a range of drugs – hydrophilic 

or hydrophobic, small molecules, or macromolecules.34 NP 

are potentially interesting to better target the delivery of drugs 

to cells, and to specifically deliver the drugs within the cells 

and thereby increase their efficacy.

In this study, we used a fabrication process without 

detergent permitting us to prepare PLGA-NP ,100 nm 

in size. The incorporation of curcumin within the NP did 

not significantly modify their size (Table 1). Compared to 

unloaded PLGA-NP, the slight decrease in size of Cur-NP 

observed may be due to the higher charge of the formulation 

reinforcing the intra-particular ionic interactions and leading 

to a shrinkage of the NP (as has been demonstrated for other 

organic NP).35

Numerous studies on PLGA particles as drug vectors 

have been performed using microparticles of a size greater 

than 200 nm;36–38 however, this is not optimal for efficient 

endocytosis.39–41 In this airway epithelial cell model, the 

anionic Cur-NPs entered the cells via the caveolae pathway, a 

pathway that has been observed for NP ,100 nm in size.42,43  

Figure 5 Quenching of free or NP-formulated curcumin fluorescence.
Notes: Free or NP-formulated curcumin were stored at 25°c under light and analyzed after 0 (D0), 1 (D1), or 2 days (D2). an extra-day at 37°c (D2+) was included to 
study Plga-NP maturation and its effect on curcumin availability. Free or NP-formulated curcumin were loaded in a 96-well plate with aTTO540Q quencher to inhibit 
the autofluorescence of curcumin. Results are expressed in percentage of quenching compared to unquenched conditions. (A) Free curcumin fluorescence is quenched by 
aTTO540Q and no variation was observed. (B) Partial quenching of NP-formulated curcumin fluorescence was observed. After 2 days of incubation, quenching decreased 
indicating that curcumin was less accessible to the quencher. Quenching was restored by an additional 1-day incubation at 37°c showing that curcumin accessibility was 
renewed. ***P,0.005 versus all conditions. results are expressed in mean ± seM.
Abbreviations: NP, nanoparticles; Plga, poly-lactic-co-glycolic acid; seM, standard error of the mean.
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Interestingly, another study in our laboratory showed that 

cationic NP of a similar size (,100 nm) enter cells via the 

clathrin pathway,44 suggesting that surface charge has a strong 

influence on NP endocytosis.

Studies have underlined the link between ROS and 

bronchial asthma, and the need for an efficient delivery 

of antioxidants to the epithelial airway barrier.45 In airway 

epithelial cells, the Cur-NP possessed antioxidant activity 

20–50 times greater than that observed with free curcumin. 

This is probably due to a more efficient entry of curcumin into 

airway epithelial cells, mediated by NP endocytosis and the 

Cur-NP’s bypassing of the cells’ efflux pump (Figure 3B).

The PLGA is a biodegradable and biocompatible poly-

mer, but its biodegradability (resulting from the hydrolysis 

of ester bonds to give lactic and glycolytic acids) may be 

problematic with respect to the shelf life of the formulation. 

Therefore, the study of drug release and drug availability 

from inside the polymer as a function of storage time, tem-

perature, and light exposure was necessary for further drug 

development.46–48

The Cur-NP activity is directly related to endocytosis, 

cell cycle and differentiation,49–51 and long-term effect (over 

24 hours) of curcumin could occur if drug persists in the 

cells (eg, target gene transcription or epigenetic effects).52,53 

To improve our understanding of the mechanisms involved 

in Cur-NP maturation, we therefore developed an acellular 

system to allow rapid and direct measurements of antioxidant 

and antinitrosant activities of free or NP-formulated curcumin 

in the absence of cellular compensation. In this acellular 

model, curcumin and Cur-NP retained their antioxidant 

activities precluding the necessity of curcumin to be inside 

the cells to act. Our observations appear to have corroborated 

the previously reported scavenger ability of curcumin54 and 

validated this acellular model for the investigation of the 

direct antioxidant effects of this drug. Interestingly, we also 

observed a direct antinitrosant activity of curcumin and 

Cur-NP in our acellular system (Figure 4C and D). This may 

be due to the ability of curcumin to scavenge RNS.55,56 The 

use of an acellular system also precluded any confounding by 

indirect antinitrosant activity through iNOS inhibition.55,57

At the same dose, NP-formulated curcumin was more 

antioxidant and antinitrosant than free curcumin (Figure 3 and 

data not shown). It has been reported that curcumin can exist 

in crystalline or amorphous state. Some evidence showed 

that curcumin encapsulated in PLGA-NP was in amorphous 

state, leading to a greater solubility and potential increased 

efficiency.58–60 However, at the doses used in our experiments 

(,1 µg/mL), curcumin is soluble, and the curcumin solution 

was limpid and filterable (data not shown). This also sup-

ported that curcumin could be homogeneously entrapped in 

PLGA-NP and potentially be released as a soluble drug. It 

is also possible that PLGA-NP create a nano-environment61 

that concentrates and facilitates interactions of the curcumin 

with ROS and RNS, and hence augments the antioxidant and 

antinitrosant activities of curcumin. This further emphasizes 

that PLGA-NP–encapsulated curcumin has stronger antioxi-

dant activities compared to free curcumin.

We also observed that NP-formulated curcumin 

was light sensitive, and that temperature could restore 

light degradation of the antioxidant activity of Cur-NP. 

Conversely, light exposure increased antinitrosant activity 

but this was not modulated by subsequent exposure to heat 

(Figure 4). Several hypotheses to explain these observations 

are summarized in Figure 6. Time and temperature expo-

sure are known to degrade PLGA-NP, notably because of 

the autohydrolysis of the copolymer in aqueous solution.62 

This could cause NP fragmentation; however, we observed 

no change in particle size (data not shown) precluding this 

hypothesis.

Light exposure led to the photodegradation of curcumin,10 

and it was noteworthy that some curcumin degradation 

products showed biological effects.7,12–14 In the case of 

NP-formulated curcumin, light exposure may result in the 

degradation of curcumin on the surface of the NP, while 

curcumin loaded in the NPs’ core should be protected.18,63 

Free curcumin also exhibited direct antinitrosant activities 

and light exposure increased this property (Figure 4C). 

However, NP-formulated curcumin was less antinitrosant 

when exposed to light than free curcumin (Figure 4D). 

These results suggest that freely diffusible antinitrosant 

degradation products could be generated by light exposure, 

leading to enhanced antinitrosant activity of free, but not 

NP-formulated, curcumin; they also support the hypothesis 

that photodegradation of curcumin took place only at the 

surface of the NP.

Restoration of the antioxidant properties of light-exposed 

Cur-NP formulations was achieved by further incubation at 

37°C under darkness (Figure 4B). This could imply that heat-

ing modifies either the NP porosity (so that ROS can enter the 

NP and come into contact with nonmodified curcumin), or 

the distribution of curcumin inside the NP (so that curcumin 

could diffuse onto the surface of NP). Quenching experiments 

on light-exposed free or NP-formulated curcumin were per-

formed to investigate this hypothesis. The quencher is a small 

molecule that could easily mimic a ROS to contact curcumin 

and is used for collisional energy transfer, thereby decreasing 
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curcumin fluorescence. We showed that curcumin was less 

accessible to quencher when NP formulations were exposed 

to light for 2 days, and that subsequent heating restored the 

accessibility of curcumin to quencher (Figure 5). Together, 

these results prompted our hypothesis that heat modulates the 

permeability of NP, renewing the interactions of curcumin 

with the milieu.

Conclusion
To conclude, we observed that curcumin possesses antioxi-

dant and direct antinitrosant activities. These effects were 

greater when curcumin was formulated in PLGA-NP, proba-

bly owing to the formation of a nano-environment conducive 

to interactions of curcumin with ROS/RNS. Light appeared 

to convert curcumin to byproducts exhibiting antinitrosant 

activity, but with reduced antioxidant properties. Subsequent 

heating modulated NP porosity, renewing the accessibility of 

curcumin to ROS, either by facilitating penetration of ROS 

into the NP or by the redistribution of curcumin in the NPs’ 

core toward the surface. Together, our results highlight a 

complex evolution of curcumin in PLGA-NP and a combi-

nation of these mechanisms probably occurred (Figure 6). 

This study underlines the necessity to carefully study the 

evolution of NP-drug formulations during storage before 

using them for further studies.
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Figure S1 Plga-NP do not interfere with rOs induction.
Notes: (A) a549 cells were loaded with h2DcF-Da and treated with Plga nanoparticles (150 µg/cm²). Fluorescence of h2DcF-Da was measured to quantify rOs 
induction. Positive control was pyocyanin. Cells without H2DCF-DA served as specificity test for fluorescence. (B) a549 cells loaded with h2DcF-Da and treated with 
ThBP, a rOs donor, with or without Plga-NP (30 or 150 µg/cm²). Fluorescence of h2DcF-Da was measured to quantify rOs induction.
Abbreviations: Plga, poly-lactic-co-glycolic acid; NP, nanoparticles; h2DcF-Da, 2′,7′-dichlorodihydrofluorescein diacetate; ROS, reactive oxygen species; THBP, tert-
butyl hydroperoxide. 
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