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Curcumin, bisdemethoxycurcumin and demethoxycurcumin are the main 

curcuminoids present in Curcuma longa L. and are known for their bioactivity. 

However, their low water solubility results in poor bioavailability and therapeutic 

efficacy. This work aimed to investigate the in vitro modulation capacity on the 

enzymes acetylcholinesterase (AChE) and glutathione S-transferase (GST), as 

well as the in vitro antioxidant (OxHLIA and TBARS) and anti-inflammatory 

activities (RAW 264.7 test) of nanoencapsulated curcuminoids. Cytotoxicity on 

tumor and non-tumor cell lines was also investigated. Curcuminoids 

nanoparticles significantly inhibited the in vitro activity of AChE (12% inhibition at 

50 μM) and GST (30% inhibition at 5 μM). They presented antioxidant activity and 

toxic effects against breast adenocarcinoma, lung, cervical and hepatocellular 

carcinoma cells when dispersed in water. Encapsulated curcuminoids exhibited 

bioactive properties in aqueous medium (no hydrophobic solvent added), 

exerting antioxidant and cytotoxic effects and acting on the cholinergic and 

endogenous antioxidant systems.

Keywords: curcumin; nanoparticles; reactive oxygen species, solid dispersion; 

cholinergic system.

1. Introduction

Acetylcholine (ACh) is a neurotransmitter involved in cognitive functions, 

such as memory, and acetylcholinesterase (AChE - E.C. 3.1.1.7) is the main 

enzyme associated with ACh hydrolysis during the cholinergic cycle, balancing 

the concentration of this neurotransmitter in the synaptic cleft.1,2 According to the 
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cholinergic hypothesis, the Alzheimer’s disease is related to imbalances in the 

cholinergic system, which occur due to a reduction in ACh amount. The ultimate 

effect is the difficulty in the propagation of information between neurons leading 

to cognitive impairment. 3

Oxidative stress is another condition that may lead to several health 

issues. It occurs due to an imbalance between endogenous antioxidants and 

reactive species, which are naturally produced in the human body. Reactive 

oxygen species (ROS), such as superoxide radical (O2¯) and hydrogen peroxide 

(H2O2), are formed during cellular processes, including cellular respiration.4,5 An 

excess in ROS amounts may cause oxidation of cellular components, such as 

lipids from cell membranes, resulting in tissues damage and allowing the 

promotion of conditions such as cancer, diabetes, neurological and 

cardiovascular diseases, among others.6–10 In order to avoid ROS damage, the 

human body possesses an antioxidant defense system including enzymes such 

as superoxide dismutase (SOD - E.C. 1.15.1.1), catalase (CAT - E.C. 1.11.1.6) 

and glutathione S-transferase (GST - E.C. 2.5.1.18), besides non-enzymatic 

antioxidants, such as reduced glutathione (GSH). SOD is responsible for 

dismuting superoxide radicals in oxygen and hydrogen peroxide, and then CAT 

catalyzes hydrogen peroxide conversion into oxygen and water. GST stabilizes 

electrophiles by catalyzing their conjugation with GSH. 7,11,12

Some compounds are able to modulate or even mimic enzymes action, 

allowing to control enzymatic systems and, in this case, avoiding or reversing 

memory loss and oxidative stress. These substances may be synthetic drugs 

such as donepezil, rivastigmine, galantamine and ethacrynic acid, or natural 

substances such as flavonoids and carotenoids. 13–17 Bisdemethoxycurcumin, 
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demethoxycurcumin and curcumin are the most abundant curcuminoids found in 

the rhizomes of turmeric (Curcuma longa L.) and present several interesting 

properties such as antioxidant, 18 antimicrobial, 19,20 anti-inflammatory, 21,22 

immunomodulatory 23 and anticancer. 24

Studies have also shown that curcuminoids may act as modulators of 

cholinergic and antioxidant enzymes. Ahmed and Gilani 25 showed that both 

individual and total curcuminoids were able to inhibit in vitro and ex vivo activity 

of AChE in rats. However, authors showed that curcumin modulated enzymatic 

activity only in memory assays and that the three curcuminoids together are more 

efficient on enhancing ACh levels in the body. Jaques and co-workers 26 

demonstrated that rats exposed to cigarette smoke presented increase in the 

levels of AChE from cerebral cortex. In rats treated with curcumin this increase 

was not observed, meaning that curcumin was able to modulate the cholinergic 

system. Abbasi and co-workers 27 found that curcumin and its synthetic 

derivatives inhibited AChE activity, with IC50 values ranging from 58 to 

298 μmol.L-1.

Using an experimental model in which oxidative damage was induced by 

arsenic in rats, Sankar and co-workers 28 verified that free and encapsulated 

curcumin reversed the inhibition of antioxidant enzymes SOD, CAT, glutathione 

peroxidase (GPx - E.C. 1.11.1.9) and glutathione reductase (GR - E.C. 1.8.1.7). 

Van Iersel and co-workers 16 showed that curcumin at 25 μM inhibited 96% of 

GST activity from human melanoma cells. Exposition of rats to carbofuran 

resulted in inhibition of enzymes SOD, GST and CAT, but treatment with 

curcumin attenuated this inhibition 29. Panahi et al. 30 found that curcuminoids-

piperine supplementation increased the serum SOD activity in subjects with 
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metabolic syndrome. Besides modulating activity of endogenous antioxidant 

enzymes, curcuminoids may act directly as antioxidants, protecting cells, such as 

erythrocytes, from the damages caused by oxidizing agents. It was demonstrated 

that curcumin and its synthetic analogues attenuated the free radical-induced 

oxidative hemolysis of human red blood cells, with 10 μM curcumin protecting 

50% of erythrocytes for 240 min. 31

It is known that curcuminoids present low bioavailability which is often 

related to their high hydrophobicity. Encapsulation is a promising alternative to 

avoid the technological drawbacks of curcuminoids and the solid dispersion 

technique has been applied to various drugs and natural bioactive 

substances. 32–34 Although curcuminoids bioactivity is well described in the 

literature, it is important to determined how encapsulation may affect their 

properties.

The objective of this work was to determine the influence of curcuminoids-

loaded nanoparticles on the modulation of the AChE and GST in vitro enzymatic 

activity, their cytotoxicity against human tumor cell lines (MCF-7, NCI-H460, HeLa 

and HepG2) and a non-tumor cell line (PLP2), and their protective effect on lipid 

peroxidation and oxidative hemolysis.

2. Material and methods

2.1 Plant material, standards and reagents

Curcuma longa L. rhizomes were acquired in the local market in Campo 

Mourão, Paraná, Brazil. Ethanol (99.8%, Neon) and polyvinylpyrrolidone 

(40.000 g.mol-1, Sigma-Aldrich) were used on the extraction and encapsulation 
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of the curcuminoids. Commercial curcumin (81.9 ± 2.4 % curcumin, 15.8 ± 0.5 % 

demethoxycurcumin and 2.3 ± 0.1 % bisdemethoxycurcumin, chromatogram 

presented in Supplementary Material, Figure S1) was used in the 

characterization of nanoparticles. Chromatographic standards of curcumin, 

demethoxycurcumin and bisdemethoxycurcumin were purchased from Sigma-

Aldrich. Dibasic potassium phosphate (Neon), tris(hydroxymethyl)aminomethane 

(Dinâmica), monobasic potassium phosphate (Vetec), L-glutathione (Vetec), 1-

chloro-2,4-dinitrobenzene (CDNB, Sigma-Aldrich), 5,5′-dithiobis(2-nitrobenzoic 

acid) (DTNB) (> 98%, Sigma-Aldrich) and acetylthiocholine iodide (> 98%, 

Sigma-Aldrich) were used in the enzymatic assays. Wistar rat brain tissue were 

provided by State University of Maringá (UEM) for the enzymatic analyses. Acetic 

acid, sulforhodamine B (SRB), ellipticine, trypan blue, trichloroacetic acid (TCA), 

lipopolysaccharide (LPS), 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic 

acid (Trolox), 2,2’-azobis(2-methylpropionamidine) dihydrochloride (AAPH) and 

tris-(hydroxymethyl)aminomethane (TRIS) were purchased from Sigma (St Louis, 

MO, USA). Dimethyl sulfoxide (DMSO) was acquired from Fisher Scientific 

(Lisbon, Portugal). Dulbecco’s Modified Eagle’s Medium (DMEM) and RPMI-

1640 medium, fetal bovine serum (FBS), Hank’s balanced salt solution (HBSS), 

L-glutamine, nonessential amino acid solution (2 mM), penicillin/streptomycin 

solution (100 U mL−1 and 100 mg mL−1, respectively), trypsin, and EDTA were 

acquired from Hyclone (Logan, UT, USA). All other chemicals were purchased 

from common sources. For the cytotoxicity and antioxidant activity assays, water 

was treated in a Milli-Q water purification system (TGI Pure Water Systems, USA) 

before use.
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2.2 Curcuminoids nanoparticles production

Curcumin nanoparticles were produced using a simultaneous extraction 

and encapsulation procedure based on the work of Rocha et al. 35 Briefly, 

Curcuma longa rhizomes were freeze-dried, milled and the particles with sizes 

from 150 to 425 μm were selected for the extraction/encapsulation. 

Polyvinylpyrrolidone (PVP, 15.38 mg) was dissolved in 10 mL of 99% ethanol in 

water under magnetic stirring. This solution was then poured into a Falcon tube 

containing turmeric powder (10 mg), and the mixture was sonicated for 3 min in 

a pulse regime (30 s on and 10 s off) at 29.9 °C. After that, the dispersion was 

filtered (0.45 µm) and dried in a circulation oven at 60 °C. Finally, nanoparticles 

were stored at 10 °C protected from light. The same procedure was applied 

without the use of PVP in order to obtain the free curcuminoids used in the 

biological assays.

2.3 Nanoparticles characterization

Curcuminoids were quantified by High Performance Liquid 

Chromatography (HPLC, Dionex – UltiMate 3000) using the external calibration 

technique. Calibration curves were obtained for each curcuminoid standards 

(curcumin, demethoxycurcumin and bisdemethoxycurcumin). Acetonitrile and 

acidified water (1% v/v acetic acid) were used as mobile phase at 1 mL.min-1, in 

an Acclaim® 120 C18 column (4,6 x 250 mm and particle size of 5 µm, Dionex-

Thermo Scientific) at 40 °C. The elution gradient went from 60% to 100% 

acetonitrile in 8 min, remaining in this composition for 4 min before returning to 

the initial condition. Detection was performed by a diode array detector (DAD) at 

427 nm.

Page 7 of 40 Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 1
5 

Ja
nu

ar
y 

20
19

. D
ow

nl
oa

de
d 

on
 1

/2
1/

20
19

 1
2:

21
:4

2 
A

M
. 

View Article Online
DOI: 10.1039/C8FO02431F

http://dx.doi.org/10.1039/c8fo02431f


8

An aliquot of the nanoparticles dispersion (2 mL) was transferred to a test 

tube and kept in a circulation oven at 60 °C until solvent evaporation. After that, 

distilled water was added to the tube (4 mL) and it was maintained at 25 °C for 

3 h. The obtained solution was filtered through syringe filter (0.45 µm porosity), 

frozen at -80°C and freeze-dried (Liotop, L101). The sample was then dissolved 

in methanol and its concentration was determined by HPLC. The colloidally stable 

curcuminoids fraction (CSC, µg.mgturmeric
-1) was considered to be the one that 

passed through the filter (fraction formed by nanoparticles with diameters smaller 

than 450 nm), calculated by Equation 1 where Ccur is the curcuminoid 

concentration determined by HPLC (µg.mL-1), Vsolvent is the methanol volume 

added to freeze-dried sample (mL) and mturmeric is the turmeric mass used in the 

process (mg). 

𝐶𝑆𝐶 =
𝐶𝑐𝑢𝑟 × 𝑉𝑠𝑜𝑙𝑣𝑒𝑛𝑡

𝑚𝑡𝑢𝑟𝑚𝑒𝑟𝑖𝑐
(1)

Thermal properties of curcuminoids-loaded nanoparticles were 

determined by Differential Scanning Calorimetry (DSC, Perkin Elmer DSC4000). 

Nanoparticles, pure compounds (curcumin and PVP) and their physical mixture 

(curcumin/PVP ratio of 1:15 wt/wt manually mixed) were weighed (3 to 5 mg) in 

aluminum pans. Samples were heated from 20 to 200 °C at 20 °C.min-1 under 

nitrogen flow of 50 mL.min-1. Fourier Transform Infrared Spectroscopy (FTIR, 

Shimadzu Affinity-1) was performed from 4000 to 600 cm-1, with 2 cm-1 resolution 

and 32 cumulative scans in order to identify chemical interactions between 

curcuminoids and PVP. Nanoparticles morphology was evaluated by 

Transmission Electron Microscopy (TEM, JEOL JEM-1011, 100 kV). Drops of 
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each sample were deposited onto 300 mesh parlodium-coated copper grids and 

dried under room temperature and then analyzed. X-Ray Diffraction analysis 

(Bruker, D8 advance) was carried out to reveal changes in the crystalline 

structure of curcuminoids after the encapsulation process. The following 

conditions were used: angular interval of 3 to 60°, angular speed of 5,9°.min-1, 40 

KW and 35 mA.

2.4 Biological assays

2.4.1 Brain tissues preparation

Rat brains were weighed and homogenized in 10 volumes of 10 mM Tris-

HCl buffer (pH 7.4), at 12,000 rpm for 1 min (Ultra-turrax, IKA T25 digital). After 

that, homogenates were centrifuged at 9700xg for 10 min (MiniSpin plus, 

Eppendorf) and supernatants (S1) were stored at -80 °C. For the enzymatic 

analyzes, curcuminoids and curcuminoids-loaded nanoparticles doses were 

defined according to previous concentration curves (from 25 μM to 200 μM for 

acetylcholinesterase (AChE - E.C. 3.1.1.7) and from 0,01 μM to 200 μM for 

glutathione S-transferase (GST - E.C. 2.5.1.18)).

2.4.2 In vitro acetylcholinesterase (AChE) assay

AChE activity was assessed according to the method described by Ellman 

et al. 36 with minor adaptations. The method is based on the hydrolysis of 

acetylthiocholine by AChE, followed by the reaction of thiocholine (hydrolysis 

product) with DTNB, resulting in a yellow colored compound (TNB). Mixtures 

consisting of 1.04 mM 5,5′-dithiobis(2-nitrobenzioc) acid (DTNB), 24 mM 
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potassium phosphate buffer (pH 7.5), S1 and test compound solution were pre-

incubated at 25 °C for 2 min. Then, 0.83 mM of acetylthiocholine was added and 

the reaction was measured during 4 min in a UV-Vis spectrophotometer 

(OceanOptics, USB650) at 480 nm (due to the maximum absorbance of curcumin 

at 427 nm). The following samples were test: curcuminoids-loaded nanoparticles 

in water and free curcuminoids in DMSO 3.33%, both in the final concentrations 

of 25 μM, 50 μM, 100 μM and 200 μM; PVP in water in the final concentration of 

13.8 μM (which corresponds to the PVP amount in 100 μM solution of 

nanoparticles); and free curcuminoids at 200 μM in water. Results were 

expressed as percent of enzyme activity in comparison to control (mixture without 

test compound solution).

2.4.3 In vitro glutathione S-transferase assay

GST activity was assessed according to the method described by Habig, 

Pabst and Jakoby. 37 Mixtures consisting of 24 mM potassium phosphate buffer 

(pH 7.5), S1 and test compound solution were pre-incubated at 25 °C for 2 min, 

and the mixed with 1 mM 1-chloro-2,4-dinitrobenzene (CDNB) and 1 mM reduced 

glutathione (GSH). Enzymatic activity was measured during 4 min in a UV-Vis 

spectrophotometer (OceanOptics, USB650) at 340 nm. The following samples 

were tested: curcuminoids nanoparticles in water (0.1 μM, 5 μM, 25 μM and 50 

μM); free curcuminoids in DMSO 3.33% (of 5 μM, 25 μM and 50 μM); PVP in 

water in the final concentration of 13.8 μM (which corresponds to the PVP amount 

in 100 μM solution of nanoparticles); and free curcuminoids in water at 50 μM. 

Results were expressed as percent of enzyme activity in comparison to control 

(mixture without test compound solution).
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2.4.4 Oxidative hemolysis inhibition assay (OxHLIA)

The antihemolytic activity was assessed according to the method 

described by Lockowandt et al. 38 Sheep blood samples were collected from 

healthy animals and centrifuged at 1,000xg for 5 min at 10 ºC. Plasma and buffy 

coats were discarded and erythrocytes were first washed once with NaCl (150 

mM) and three times with phosphate-buffered saline (PBS, pH 7.4). 39 The 

erythrocyte pellet was then resuspended in PBS at 2.8% (v/v). Using a flat bottom 

48-well microplate, 200 µL of erythrocyte solution was mixed with 400 µL of either 

PBS solution (control), free and nanoencapsulated curcuminoids dissolved in 

PBS, or water (for complete hemolysis). Trolox was used as a positive control. 

After pre-incubation at 37 ºC for 10 min with shaking, AAPH (200 μL, 160 mM in 

PBS) was added and the optical density was measured in a microplate reader 

(Bio-Tek Instruments, ELX800) at 690 nm. After that, the microplate was 

incubated under the same conditions and the optical density was measured every 

10 min at the same wavelength for approximately 400 min. The percentage of the 

erythrocyte population that remained intact (P) was calculated using Equation 2:

                                       (2)𝑃(%) =  (𝑆𝑡 ― 𝐶𝐻0

𝑆𝑡 ― 𝐶𝐻0)

where St and S0 correspond to the optical density of the sample at t and 0 min, 

respectively, and CH0 is the optical density of the complete hemolysis at 0 min. 

Results were expressed as delayed time of hemolysis (Δt), which was calculated 

using Equation 3:

Δt (min) = Ht50 (sample) - Ht50 (control)                                   (3)
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where Ht50 is the 50% hemolytic time (min) graphically obtained from the 

hemolysis curve of each sample concentration. The Δt values were then 

correlated to the different compound concentrations and, from the obtained 

correlation, the concentration able to promote a Δt haemolysis delay was 

calculated. Results were expressed as IC50 values (µg.mL-1) at Δt 60 and 120 

min, i.e., compound concentration required to keep 50% of the erythrocyte 

population intact for 60 and 120 min.

2.4.5 TBARS formation inhibition assay

The capacity of the free and nanoencapsulated curcuminoids to inhibit the 

formation of thiobarbituric acid reactive substances (TBARS), such as 

malondialdehyde generated from the ex vivo decomposition of lipid peroxidation 

products, was evaluated using porcine brain cell homogenates, following the 

method described previously by Pinela et al. 40 Trolox was used as positive 

control. Results were expressed as IC50 values (µg.mL-1), i.e., compound 

concentration providing 50% of antioxidant activity.

2.4.6 Anti-inflammatory activity assay

The lipopolysaccharide (LPS)-induced nitric oxide (NO) production by a 

murine macrophage (RAW 264.7) cell line was determined as nitrite 

concentration in the culture medium according to the method described by Sobral 

et al. 41 The effect of the tested compounds in the absence of LPS was also 

evaluated, in order to observe if they induced changes in NO basal levels. In 
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negative controls, no LPS was added. For the NO determination, a Griess 

Reagent System kit containing sulfanilamide, N-1-naphthylethylenediamine 

dihydrochloride (NED) and nitrite solutions was used. Dexamethasone was used 

as a positive control. Results were expressed as IC50 values (µg.mL-1), i.e. 

compound concentration providing 50% of NO production inhibition.

2.4.7 Cytotoxicity assay

The sulforhodamine (SRB) assay was performed to assess the cytotoxicity 

of free and nanoencapsulated curcuminoids, according to a procedure previously 

described by Abreu and co-workers. 42 Free curcuminoids were dissolved in a 

DMSO/water mixture (1:1, v/v) at 8 mg.L-1, since the compounds are insoluble in 

water. Curcuminoids nanoparticles were dispersed in water at the same 

concentration. Successive dilutions were prepared from the stock solutions. 

MCF-7 (breast adenocarcinoma), NCI-H460 (non-small cell lung carcinoma), 

HeLa (cervical carcinoma) and HepG2 (hepatocellular carcinoma) from DSMZ 

(Leibniz-Institute DSMZ - German Collection of Microorganisms and Cell 

Cultures) normal cells, were selected as human tumor cell lines. To evaluate the 

toxicity against normal cells, a primary porcine liver (PLP2) cell culture was 

prepared according to a method established by Abreu et al. (2011). These cells 

were treated for 48 h with the different sample solutions and then submitted to 

the SRB assay. Ellipticine was used as a positive control. Results were expressed 

as GI50 values, i.e. compound concentration providing 50% of net cell growth 

inhibition. 
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2.5 Statistical analysis

Statistical analyses of AChE and GST activity were carried out using 

Graph Pad Prism 6.0 software (Graph Pad, USA) and significance between 

groups was assessed by one-way analysis of variance (ANOVA) followed by 

Tukey post hoc tests when appropriate. Results were expressed as 

mean ± standard error of mean (SEM) and p-values lower than 0.05 were 

considered to be indicative of significance. Results of antioxidant, anti-

inflammatory and cytotoxic activities were analyzed using SPSS Statistics 

software (IBM SPSS Statistics for Windows, Version 22.0. Armonk, NY: IBM 

Corp.) and differences among the two samples was assessed applying a two-

tailed paired Student's t-test at a 5% significance level. Results were expressed 

as mean ± standard deviation. 

3. Results and discussion

3.1 Curcuminoids-PVP nanoparticles characterization

Figures 1 presents the chromatogram of the curcuminoids nanoparticles 

as well as the FTIR spectra, DSC thermograms and DRX patterns of curcumin, 

PVP, physical mixture (curcumin/PVP ratio of 1:15 wt/wt manually mixed and at 

1:1 wt:wt when indicated) and curcuminoids nanoparticles. A Transmission 

Electron Microscopy image of the nanoparticles is presented in Figure 2.

Figure 1

Figure 2

Nanometric particles were formed with spherical morphology as one may 

see in the TEM image. HPLC showed that the curcuminoids fractions in the 
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nanoparticles were composed of 56.6 ± 0.2 % curcumin, 21.3 ± 0.1 % 

demethoxycurcumin and 22.1 ± 0.1 % bisdemethoxycurcumin. Colloidally stable 

fraction found were curcuminoids were (in µg.mgturmeric
-1) 2.71 ± 0.36 for 

curcumin, 1.04 ± 0.13 for demethoxycurcumin and 1.11 ± 0.12 for 

bisdemethoxycurcumin. This increase in water affinity was probably caused by 

the interactions between the curcuminoids and PVP, since its amphiphilic feature 

allows the formation of a soluble complex that stabilizes curcuminoids in 

water. 43,44 Karavas and co-workers 34 verified that felodipine solubility increased 

until a maximum of 16 mg.L-1 as PVP concentration increased. However, for high 

PVP concentration the increase was not significant. Silva et al. 45 encapsulated 

lutein into PVP and showed that interactions between the compounds become 

more important as PVP concentration was elevated.

Characteristic absorption peaks of curcumin were observed at 3513 cm-1 

(OH stretching vibration), 1629 cm-1 (carbonyl group (C=O)), 1602 cm-1 (aromatic 

ring stretching vibration), 1512 cm-1 (C=C bonds), 1428 cm-1 (C–H bending 

vibration), 1283 cm-1 (aromatic C–O stretching) and 1027 cm-1 (C–O–C stretching 

vibration). 46–48 PVP spectrum showed a broad peak between 3700 and 3000 

cm-1, which is attributed to the presence of residual moisture in the material, a 

second broad peak at about 3000 and 2800 cm-1, indicating stretching vibration 

of asymmetric C–H, and a band ranging from 1800 to 1540 cm-1, assigned to 

carbonyl stretching vibration. 49–51 Physical mixture spectrum presented 

absorption peaks of both pure compounds, differently of the nanoparticles 

spectrum in which curcumin characteristic peaks, such as OH stretching 

vibration, were not observed. It strongly suggests the existence of interactions 
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between curcumin and PVP, probably through hydrogen bonding, and, 

consequently, its encapsulation into the polymer matrix. 52–54

Curcumin thermogram presented an endothermic peak at 179.4°C, 

assigned to its melting point. 55 In the PVP curve, a broad endothermic peak 

ranging from 32 to 134 °C was observed, which is related to moisture loss since 

PVP is a highly hygroscopic material. 51 Thermogram of the physical mixture 

showed the endothermic peaks attributed to both pure compounds, but curcumin 

melting point was not found in the nanoparticles DSC curve. This fact evidences 

the change in the physical structure of curcumin from crystalline to amorphous, 

thus indicating its encapsulation into the PVP matrix. 43,54

Curcumin diffraction pattern revealed a series of peaks between 8 and 30° 

characteristic of its crystalline structure. 24,56 PVP pattern did not show any peak, 

confirming its amorphous nature. Curcumin peaks are observed in the 1:1 wt/wt 

ratio physical mixture pattern, but are not found in the 1:15 wt/wt ratio 

diffractogram which represents the same curcumin concentration found in the 

nanoparticles. This demonstrates that the low curcumin concentration was 

responsible for the fact that the peaks were not detected.

Despite the low sensitivity of X-ray diffraction to detect the curcumin in the 

physical mixture, DSC and FTIR strongly suggested that curcumin was entrapped 

in the PVP matrix in the nanoparticles. These results are corroborated by the 

increase in water affinity detected by the HPLC analysis.

3.2 Enzymatic modulation activity
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Figure 3a shows the effect of curcuminoids and nanoencapsulated curcuminoids 

on the acetylcholinesterase (AChE) activity. Figure 3b presents GST activity in 

the presence of free (at 5 μM, 25 μM and 50 μM) and nanoencapsulated 

curcuminoids (at 0.1 μM, 5 μM, 25 μM and 50 μM).

Figure 3

Free and encapsulated curcuminoids modulated the enzymatic activity in 

a concentration-dependent behavior and higher concentrations of the 

compounds led to lower AChE activity (Figure 3a). Curcuminoids started to 

significantly inhibit the enzyme activity (p < 0.001) at 100 μM, resulting in a 

percent inhibition near 21%. Curcuminoids nanoparticles showed significant 

inhibition (p < 0.05) at 50 μM reducing 12% of the enzyme activity. AChE activity 

was not significantly affected by PVP in water, which means that the modulatory 

effect presented by the curcuminoids-loaded nanoparticles was not due to this 

encapsulant. It is worth noting that the effect of free and encapsulated 

curcuminoids in water on the AChE activity significantly differed (p > 0.05), at the 

same concentration (200 μM). Curcuminoids in water at 200 μM were not able to 

inhibit the enzyme activity, showing that the encapsulation process led to the 

improvement of the curcuminoids modulatory properties, despite their inherent 

hydrophobicity. Ahmed and Gilani 25 reported that free curcuminoids in ethanol 

(30 μM) inhibited around 60% of AChE activity. In the present study, the higher 

inhibition of AChE activity (27%) was achieved at 200 μM of free curcuminoids. 

Authors used electric eel as enzymatic source, which could explain the difference.

According to the cholinergic hypothesis, neurodegenerative diseases, 

such as Alzheimer’s disease, are caused by loss of acetylcholine 

neurotransmitters or by increase in AChE activity in the brain. As a result, contact 
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time between neurotransmitters and post-synaptic membrane receptors is 

reduced, hindering information transmission through neurons and leading to 

memory loss. Therefore, usual drugs in neurodegenerative diseases treatment 

consist of AChE reversible inhibitors, which balance cholinergic system and allow 

enough time contact for information spread in the nervous system. 17,57,58 In this 

work, encapsulated curcuminoids acted as AChE reversible inhibitors, 

suggesting that they could potentially be applied in the treatment of diseases 

related to cholinergic dysfunction.

Both free and encapsulated curcuminoids presented a concentration-

dependent effect on the glutathione S-transferase (GST) activity (Figure 3b). Free 

curcuminoids significantly (p < 0.05) inhibited around 20% of GST activity at 25 

μM while curcuminoids-loaded nanoparticles presented 30% significant inhibition 

(p < 0.05) at 5 μM. GST activity was not significantly inhibited by PVP per se. 

Free and encapsulated curcuminoids in water, at the final concentration of 50 μM, 

presented significantly different behaviors (p > 0.05). At this concentration, free 

curcuminoids in water were not able to inhibit enzymatic activity, while 

curcuminoids nanoparticles significantly inhibited GST (p < 0.001) in 

approximately 55%.

GST is one of the enzymes acting against oxidative stress inside the 

human body, detoxifying xenobiotics and cytotoxic agents such as drugs, toxins 

and carcinogens. Excessive activity of this enzyme is associated with multidrug 

resistance, a clinical condition usually observed during treatment of diseases 

such as cancer, which reduces therapy efficiency and partial inhibition of 

enzymatic activity would be interesting in such cases. 13,59,60 Other authors 

reported inhibition of GST in rats liver tissue experiments (58% inhibition at 30 

Page 18 of 40Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 1
5 

Ja
nu

ar
y 

20
19

. D
ow

nl
oa

de
d 

on
 1

/2
1/

20
19

 1
2:

21
:4

2 
A

M
. 

View Article Online
DOI: 10.1039/C8FO02431F

http://dx.doi.org/10.1039/c8fo02431f


19

μM) 61 and human recombinant GST (50% inhibition at 5 μM). 59 The divergence 

between results could explained by the fact that these works used pure curcumin 

instead of curcuminoids and different enzymes sources. In the present work, free 

and encapsulated curcuminoids inhibited the in vitro GST activity, however it is 

worth noting that significant inhibition occurred in a lower concentration in the 

case of the encapsulated compounds.

Results evidenced that encapsulated curcuminoids modulated AChE and 

GST activities in a more efficient way than the free compounds. It may be 

explained by the hydrophilic nature of curcuminoids-PVP nanoparticles, which 

could lead to interactions between nanoparticles and water molecules stabilizing 

the enzyme active site. Moreover, there is evidences that nanoparticles sizes 

could cause enzyme inhibition by a steric effect. 17,62

3.2 Antioxidant, anti-inflammatory and cytotoxic activities

Results of cytotoxicity and cell-based antioxidant and anti-inflammatory 

activities of pure and encapsulated curcuminoids are presented in Table 1.

Table 1

Results of the oxidative hemolysis inhibition assay (OxHLIA) are given as 

IC50 values (µg.mL-1) at Δt 60 and 120 min, i.e., the extract concentration required 

to protect 50% of the erythrocyte population (P) from the hemolytic action caused 

by the used oxidizing agent for 60 and 120 min; while the IC50 values of TBARS 

correspond to the extract concentration that provides 50% of antioxidant activity. 

The lower the IC50 values, the higher the antioxidant capacity of the samples. In 

the OxHLIA assay, the erythrocyte population was subjected to hemolytic action 
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of hydrophilic and lipophilic radicals in aqueous system. 63 Hydrophilic radicals 

resulted from the thermal decomposition of AAPH, which is a peroxyl radical 

initiator that attacks the erythrocyte membranes and eventually causes 

hemolysis. In turn, lipophilic radicals were generated due to this attack through a 

lipid peroxidation phenomenon. The TBARS assay provided information on the 

compounds capacity to inhibit the formation of TBARS, such as malondialdehyde 

generated from the ex vivo decomposition of lipid peroxidation products, in 

aqueous medium. Curcuminoids showed the highest antioxidant activity, with IC50 

values of 7.2 ± 0.5 µg.mL-1 and 15.9 ± 0.4 µg.mL-1 at 60 and 120 min, 

respectively, for OxHLIA, and 1.04 ± 0.07 µg.mL-1 for TBARS. This activity was 

even greater than that of the used positive control, trolox. Moreover, 

nanoencapsulated curcuminoids presented activity despite the fact only PBS or 

water was present (in the OxHLIA and TBARS assays, respectively), meaning 

that encapsulation improved their activity in aqueous medium. Similar results 

were described by Hatia et al., 64 who found that hemolysis of half the human 

erythrocytes was delayed by curcumin (50 μM) from 115 min (in the control) to 

approximately 600 min.

Both samples presented toxic effects against human tumor cell lines 

(Table 1). Pure curcuminoids were dispersed in DMSO, otherwise it would not be 

possible to assess their properties due to the poor water solubility. Thus, free 

curcuminoids had lower GI50 values than curcuminoids nanoparticles, probably 

due to their higher bioavailability in DMSO. On the other hand, encapsulation 

allowed curcuminoids to exert cytotoxicity on tumor cells in aqueous medium. The 

non-tumor cell line (PLP2) was not affected by nanoparticles and the toxic 

concentration of free curcuminoids in this case was much higher than the required 
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for tumor cells. In the study conducted by Yoon et al., 65 it was demonstrated that 

turmeric extract powder at 0.5 mg.mL-1 reduced in 60% the cell viability of HepG2 

tumor cell line, while the cytotoxic activity of turmeric extract-loaded 

nanoemulsion powder (in which curcumin proportion was lower) did not differ 

from the control. Zamrus et al. 66 reported that curcumin dispersed in DMSO 

presented IC50 values of 22.50 and above 30 μg.mL-1 against MCF-7 and HeLa 

tumor cell lines, respectively. In another work, it was evidenced that curcuminoids 

at 50 µM inhibited almost 60% of MCF-7 human breast cancer cells survival. 67

RAW 264.7 cells are macrophages that release pro-inflammatory 

cytokines as a response to the contact with bacterial metabolites, for instance. 

The overexpression of these cytokines is related to the development of several 

diseases, including cancer. Compounds with anti-inflammatory activity, such as 

curcuminoids, are able to inhibit cytokines expression, diminishing inflammatory 

responses and their effects. 68 In this study, only free curcuminoids in DMSO 

presented anti-inflammatory action against RAW 264.7 cytokines (Table 1), with 

an IC50 value of 61±3 μg.mL-1.

4. Conclusion

Curcuminoids from turmeric were simultaneously extracted and 

encapsulated into a polyvinylpyrrolidone (PVP) matrix. Physico-chemical and 

morphologic characterization evidenced that curcuminoids were efficiently 

encapsulatated. Nanoencapsulated curcuminoids presented improved inhibition 

of the in vitro activity of acetylcholinesterase (AChE) and glutathione S-

transferase (GST) enzymes when compared to free curcuminoids. Moreover, 

encapsulation allowed curcuminoids to exert their antioxidant and cytotoxic 
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effects in aqueous medium, unlike the compounds in their hydrophobic original 

form. This could be accounted for the improved water affinity and the reduced 

size of the nanoparticles. 
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Figure 1a
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Figure 1b
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Figure 1c
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Figure 1d
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Figure 2
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Figure 3a
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Figure 3b
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Figure captions

Figure 1. Characterization of the nanoparticles: (a) chromatogram of the 

curcuminoids nanoparticles (1 - bisdemethoxycurcumin, 2 –

 demethoxycurcumin and 3 – curcumin); (b) FTIR spectra; (c) DSC 

thermograms and (d) X-Ray Diffraction patterns. Physical mixtures were 

obtained at the same curcumin concentration of the nanoparticles 

(curcumin/PVP ratio of 1:15 wt/wt) and at 1:1 wt:wt when indicated.

Figure 2. Transmission Electron Microscopy image of the curcuminoids 

nanoparticles.

Figure 3. In vitro activity of (a) AChE and (b) GST in the presence of curcuminoids 

(DMSO 3.33% and water), curcuminoids-loaded nanoparticles (water), and 

PVP (water). Results represented as mean ± SEM; n = 4. *p < 0.05; **p < 

0.01; ***p < 0.001; ****p < 0.0001, compared to the control; ††† p < 0.001 

between the indicated samples.
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Table

Table 1. Antioxidant, anti-inflammatory and cytotoxic activities of free and nanoencapsulated curcuminoids, and positive controls 

(trolox, dexamethasone or ellipticine).

 Curcuminoids*
Curcuminoids 

nanoparticles**
Positive control Statistics1

Antioxidant activity (IC50 values, μg.mL-1) Trolox p-value

OxHLIA, Δt = 60 min 7.2 ± 0.5 38.2 ± 0.9 20.1 ± 0.7 <0.001

OxHLIA, Δt = 120 min 15.9 ± 0.4 121 ± 11 44 ± 1 <0.001

TBARS formation inhibition 1.04 ± 0.07 11.9 ± 0.2 5.8 ± 0.6 <0.001

Anti-inflammatory activity (IC50 values, μg.mL-1) Dexamethasone

RAW 264.7 (murine macrophages) 61 ± 3 >400 16 ± 1 -

Cytotoxic activity (GI50 values, μg.mL-1) Ellipticine

NCI-H460 (non-small cell lung carcinoma) 40 ± 2 344 ± 15 1.03 ± 0.09 <0.001

HeLa (cervical carcinoma) 29 ± 2 315 ± 5 1.91 ± 0.06 <0.001

HepG2 (hepatocellular carcinoma) 23 ± 1 288 ± 14 1.1 ± 0.2 <0.001

MCF-7 (breast carcinoma) 29 ± 1 307 ± 5 1.1 ± 0.2 <0.001

PLP2 (porcine liver primary cells) 101 ± 4 >400 3.2 ± 0.7 -
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Results are expressed as mean ± standard deviation.

1Statistical differences (p < 0.05) among free and nanoencapsulated curcuminoids were assessed by applying a two-tailed paired Student's t-test.

*Curcuminoids dispersed in PBS with 2.5% DMSO for the OxHLIA assay and in DMSO/water mixture (1:1, v/v) for the anti-inflammatory and cytotoxic assays; 

**Nanoparticles dispersed in PBS for the OxHLIA assay and in water for the anti-inflammatory and cytotoxic assays.
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