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Abstract

Curcumin is an active polyphenol substance found in the highest concentrations in the roots of Curcuma
longa. Its health benefits have led to recent increases in the consumption of curcumin. It has anti-
inflammatory and antioxidant activities and is a potent neuroprotective against diseases of the brain.
Nevertheless, its low bioavailability and its relative difficulty crossing the blood-brain barrier limit
curcumin’s use for these purposes. Curcumin-loaded nanoparticles may be an effective treatment for
several diseases although there is a paucity of studies reporting its safety in the central nervous system
(CNS). Therefore, this study aimed to identify non-neurotoxic concentrations of free curcumin and two
nanoformulations of curcumin. Cell lines BV-2 and SH-SY5Y, both originating from the CNS, were
evaluated after 24, 48, and 72 h of treatment with free curcumin and nanocapsules We measured
viability, proliferation and dsDNA levels. We measured levels of reactive oxygen species and nitric oxide
as proxies for oxidative stress in culture supernatants. We found that free curcumin was toxic at 10 and
20 pM, principally at 72 h. Nanoformulations were more neurotoxic than the free form. Safe
concentrations of free curcumin are between 1-5 pM, and these concentrations were lower for
nanoformulations. We determined the ideal concentrations of free curcumin and nanocapsules serving
as a basis for studies of injuries that affect the CNS.

Introduction

Natural products are increasingly studied for the treatment of diseases. Curcumin is the primary active
compound present in the roots of the Curcuma longa plant. This polyphenol has as anti-inflammatory,
antioxidant, antimicrobial, and anticarcinogenic properties [1-4].

Curcumin may prevent or treat diseases characterized by inflammation or oxidative stress; it scavenges
reactive oxygen species (ROS) chelates metal ions, and inhibits the mitogen-activating protein kinases
pathway [1, 5, 6].

Many reviews discussed the use of curcumin to treat diseases of the central nervous system (CNS),
including Parkinson’s, Alzheimer’s, Huntington's disease, and multiple sclerosis [3, 7-10]. In an in vitro
experimental model of neurodegenerative disease, Armagan and Naziroglu [11] reported the
neuroprotective action of curcumin by modulating oxidative stress. In addition, this polyphenol is capable
to decrease neurotoxicity, which is proven by other models of neurological disorders in vitro [11-15] and
in vivo studies [16, 17].

Despite its substantial benefits, curcumin is toxic in high doses, at which it becomes an oxidant. The use
of curcumin is also limited by low bioavailability, that results from its rapid metabolism and elimination
[18-21]. Nanotechnology might overcome these limitations.

Pharmaceutical nanotechnology has been assisting researchers in developing pharmacological
investigations, because nanostructures control the release of the active compound, consequently
reducing toxicity and prolonging the therapeutic effect. Their characteristic size permits nanostructures
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cross barriers, including the blood-brain barrier, for example, increasing bioavailability at diseased sites
[18, 20, 22].

Some studies demonstrated curcumin nanoformulations in the treatment of CNS diseases [23, 24]. In a
study comparing free curcumin and its nanostructured form to reverse hippocampal damage in rats, a
curcumin nanocomposite was superior to curcumin alone [25].

Curcumin and its nanoformulations possess several positive biological activities; however, few studies
reported its safe concentrations in normal CNS cells. Such an evaluation is essential to determine safe
concentrations of these agents that would permit further study [26—28].

Therefore, the objective of the present study was to determine non-toxic concentrations of free curcumin
and two types of nanoformulations containing curcumin using cell lines derived from the CNS.

Materials And Methods
Nanocapsules preparation

Nanocapsules were developed using interfacial deposition of the preformed polymer, following the
descriptions described by Jaguezeski et al. [29], with two polymers, poly-e-caprolactone (PCL) (Sigma-
Aldrich) or Eudragit L-100 (EDG) (Evonik).

In both formulations, the oil phase was poured into the aqueous phase and stirred for 15 minutes. The
organic solvent was evaporated using a rotary evaporator. The PCL nanocapsule (NC-PCL) was
developed containing 2 mg/mL of curcumin (Sigma-Aldrich), and the EDG nanocapsule (NC-EDG) was
developed containing 0.25 mg/mL. Nanocapsules without curcumin were also prepared (NB-PCL and NB-
EDG, respectively) [29].

Nanocapsules characterization

We used the dynamic light scattering technique to determine the mean particle size and polydispersity
index (Zetasizer® nano-ZS model ZEN 3600, Malvern). The zeta potential (ZP) was determined using the
electrophoretic mobility technique (Zetasizer® nano - ZS model ZEN 3600, Malvern) and pH was
determined directly using a potentiometer (DM-22, Digimed®) [30].

The curcumin content in the nanocapsules was determined using high-performance liquid
chromatography (HPLC). The encapsulation efficiency was determined using ultrafiltration-centrifugation
with subsequent HPLC analysis according to the methodology described by Jaguezeski et al. [29].

Cell culture

Microglia cells (cell line BV-2) and neuron-like cells (cell line SH-SY5Y) were obtained from the Rio de
Janeiro Cell Bank (ATCC® 0356, RJ, Brazil; ATCC® 0223, RJ, Brazil, respectively). BV-2 were cultured in
RPMI-1640 medium (Sigma-Aldrich) containing 10 mM HEPES (Sigma-Aldrich), 10% of fetal bovine
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serum (FBS) (Gibco® Thermo Fisher) and supplemented with 1% of antibiotic (100U/mL penicillin;
100mg/mL streptomycin) (Gibco® Thermo Fisher). SH-SY5Y cells were cultured in Dulbecco's Modified
Eagle Medium containing F12 supplement (Gibco® Thermo Fisher) with 10% FBS and 1% antibiotic. Cells
were cultured at 37°C with 95% oxygen and 5% CO, until the numbers of cells were sufficient to perform
the experimental treatments and analyses.

Treatments

BV-2 and SH-SY5Y cells were seeded in 96-well plates at 2.5 x 10° cells/mL. The neurotoxicities of free
curcumin, NC-EDG, and NC-PCL were tested using a concentration-response curve (0.01-20 yM) applied
to both line cells at 24, 48, 72 h of exposure. For positive control, we used 25 pM hydrogen peroxide
(H,0,) and negative control (CTL) only cells. We also used 1% ethanol as a control because curcumin
was first diluted in this solvent. After the periods of incubation, cells were subjected to colorimetric and
fluorometric assays.

Mitochondrial viability

Mitochondrial viability was measured using the MTT assay to measure cell viability or proliferative
status. Cells were incubated with MTT reagent (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide) (Sigma-Aldrich) at 5 mg/mL for up to 2 h. Then, dimethylsulphoxide (Sigma-Aldrich) was
added, and the absorbance was determined at 560 nm [31].

Extracellular double-strand DNA quantification

Quantification of extracellular-double-stand DNA (dsDNA) was performed in the cellular supernatants
using the Quant-IT PicoGreen® dsDNA kit (Thermo Fischer). The reagent was added to each sample for 5
minutes at room temperature, avoiding light exposure. Emitted fluorescence was measured at 480 nm of
excitation and 520 nm of emission [32].

Reactive oxygen species levels

The quantification of ROS production was conducted in supernatants using 2,7
dichlorodihydrofluorescein diacetate (DCFH-DA) reagent (Sigma-Aldrich). Fluorescence reading was
performed at excitation of 485 nm and emission 520 nm after 1-hour incubation with the reagent at room
temperature and under light protection [33].

Nitric oxide levels

The determination of NO present in the culture supernatant was based on an indirect measurement
protocol published by Choi et al., which uses Griess reagent to detect organic nitrite. The absorbance was
determined at 560 nm [34].

Statistical analysis

The results were transformed to percentages for the negative control group. Statistical differences
between groups were analyzed using one-way ANOVA, followed by the Tukey test, using GraphPad Prism
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8 software. The data were presented as mean + SEM. Values were considered statistically significant
when P<0.05.

Results
Nanocapsules characterization

The NC-PCL and NB-PCL formulations showed patrticle sizes of 194+ 0.31 nm and 188+ 1.10 nm,
respectively. NC-EDG measured 168 £ 1.96 nm, and NB-EDG were 169 + 1.08 nm in size. All formulations
showed a polydispersion index of 0.1, indicating size uniformity. The nanocapsules gave negative ZP and
acidic pH, characteristics of their constituents (NC-PCL: - 8.16 + 0.53 mV; 6.23 + 0.02, NB-PCL: - 7.25
0.67 mV; 6.35+0.03, NC-EDG: -17.00 £+ 1.04 mV; 4.35+ 0.02, NB-EDG: - 17.53 + 1.30 mV; 4.33+ 0.02,
respectively). The encapsulation efficiency of the nanoformulations was 100% in all cases, with curcumin
concentrations of 0.25 mg/ml for NC-EDG and 2 mg/ml for NC-PCL (Supplemental Table 1).

Curcumin treatments decrease or increase viability
depending on the exposure time

To determine the viability of BV-2 cells against exposure of treatments with free and nanoencapsulated
curcumin, the MTT assay demonstrated, that 20 uM of NB-EDG decreased microglial viability at 24 h, as
did 0.01 and 20 uM NC-EDG. Treatment with NB-PCL showed no statistically significant difference;
however, but 0.05, 0.5, and 1.0 pM of NC-PCL stimulated proliferation (Fig. 1a).

After 48 h of exposure to treatments, only 20 uM of NB-EDG increased cell viability (Fig. 1b). At 72 h, the
three lowest concentrations of NB-EDG and NC-EDG (0.01, 0.05, and 0.1uM) decreased cell viability in BV-
2 cells (Fig. 1c). By contrast, from 2.5 uM to 20 pM, NC-EDG increased cell viability (Fig. 1c). Free
curcumin showed no differences with the control group (Fig. 1a, 1b, and 1c).

SH-SY5Y cells are a subclone of neurons originating from human neuroblastoma. This cellular line is
widely used for in vitro models of neural injuries, verifying the neurotoxicity of compounds and
neuroprotection [11, 15, 23].

The analysis of neuronal viability, over 24 h of exposure showed that 0.5, 1.0, 2.5, and 5 pM, as well as
2.5 and 5.0 uM of NB-EDG and NC-EDG, respectively, induced neuronal cell proliferation. On the contrary,
was found in 0.01 uM of NB-PCL (Fig. 1d).

At 48 h, only 20 uM of free curcumin reduced cell viability (Fig. 1e). When neuronal-like cells were
incubated for 72 h, 0.5 and 1.0 yM NC-EDG increased cell viability (Fig. 1f).

Curcumin nanocapsules induce membrane damage and
DNA exposure
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Impacts of curcumin on BV-2 and SH-SY5Y cells were determined at 24, 48 and, 72 h. Measurements of
free dsDNA in the supernatants of BV-2 and SH-SYS5Y cells are presented in Fig. 2. In BV-2 cells, 0.01,
0.05,and 0.1 uM of NB-EDG and NC-EDG were associated with less dsDNA at 24 h, whereas the opposite
occurred at the two highest concentrations (10 and 20 uM). At 0.05, 0.1, 0.5, and 1.0 uM, NC-PCL caused
membrane damage, exposing the DNA in the supernatants (Fig. 2a).

At 48 h, dsDNA content was lower than CTL, when 0.01, 0.05, and 0.1 yM of NB-EDG and NC-EDG were
used in BV-2 cells. A considerable increase of free dsDNA in supernatants was observed when 2.5 until 20
UM of NB-EDG and NC-EDG were added into the cell medium. The same occurred with 0.01, 0.05, 0.1 and
1.0 uM of NC-PCL. The free curcumin treatment was associated with a slight increase in free dsDNA at
1.0 and 2.5 uM after exposure to BV-2 cells (Fig. 2b).

At 72 h after free curcumin or nanocapsules treatment of BV-2 cells, the dsDNA content in the
supernatant showed increases for all nanoformulations (Fig. 2¢). No significant results of free curcumin
were observed in BV-2 cells (Fig. 2c).

The amount of free dsDNA in the supernatants of neuronal-like cells increased in a concentration-
dependent manner for EDG nanoformulations. Concentrations of 0.1, 0.5, 10, and 20 uM of NC-PCL also
increased levels of dsDNA at 24 h (Fig. 2d). At 48 h after exposure, the same occurred for
nanoformulations with EDG. Nanocapsules with PCL also increased dsDNA content for all concentrations
(Fig. 2e). At longer exposure times, dsDNA levels supernatants significantly increased with treatment of
20 pM free curcumin, 1.0 to 20 pM of NB-EDG, 0.5 uM of NC-EDG and all concentrations of PCL
nanocapsules (Fig. 2f).

Curcumin nanocapsules modulated NO release in BV-2 and
SH-SY5Y cells

The BV-2 cell line originates from the microglia of C57BL/6 mouse brain tissue. We were used these cells
because of their phagocytosis activity and involvement in neuroinflammation in brain [28]. To measure
the effects of free curcumin and nanocapsules as a NO modulator, nitrite/nitrate levels were measured

(Fig. 3).

The highest concentration of both curcumin nanocapsules (20 uM) increased levels of NO in BV-2 cells at
24 h (Fig. 3a). After 48 and 72 h, only nanocapsules with EDG maintained the increase (Fig. 3b and 3c). In
neuronal-like cells, NO levels were significantly increased in the 20 uM treatments of NB-EDG and NC-EDG
at all exposure times (Fig. 3d, 3e, and 3f).

Modulatory effects of curcumin nanocapsules on ROS
levels

Several studies reported anti-oxidant effects of curcumin. Here, we sought to determine the optimal
concentration to avoid ROS generation in BV2 and SH-SY5Y cells. We found lower ROS levels 24 h after
application of free curcumin (10 and 20 uM), NB-EDG (0.01 up to 5.0 pM), NC-EDG (0.01 up to 20 uM),
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NB-PCL (0.01,0.05, 0.5, 1.0 and 5.0 pM), and NC-PCL (0.01 pM and 0.5 up to 20 uM) in BV-2 cells than in
CTL (Fig. 4a).

At 48 h after nanocapsules treatments, ROS levels increased when NB-EDG (10 and 20 pM), NB-PLC (1.0,
2.5, and 20 pyM), or NC-PCL (0.05 and 0.1 uM) were used when compared to CTL (Fig. 4b). In contrast,
high-concentration free curcumin (20 uM) gave lower ROS levels than CTL in BV-2 cells (Fig. 4b).

At the end of the experiment, the addition of free curcumin (0.05 pM), NB-EDG (0.1, 0.5, 2.5, and 10 pM)
gave higher ROS levels than CTL in BV-2 cells (Fig. 4c). By contrast, free curcumin (20 uM), NB-PCL (0.01
up to 10 uM), and NC-PCL (0.01 up to 20 puM) significantly diminished ROS levels in BV-2 cell compared
to the CTL (Fig. 4c).

In SH-SY5Y cell, ROS production also increased for all nanocapsule preparations; curcumin groups
showed no significant changes after 24 h (Fig. 4d). Our results demonstrate decreased ROS levels
according to the concentration of NC-EDG (from 1.0 pM. The same happened when the cells were
exposed to NC-PCL for 48 h. From 5 uM of curcumin, ROS levels also decreased (Fig. 4€). The two
curcumin nanoformulations decreased ROS production from the 2.5 uM concentration and 10 and 20 pM
of free curcumin; however, only 0.01 pM of free curcumin was associated with increased ROS production
(Fig. 4f).

Discussion

Screening of natural compounds is critically important, because they are increasingly used to prevent
morbidities without proper monitoring [35]. In particular, curcumin has many beneficial effects; however,
its low bioavailability and rapid metabolism suggest the need for nanoformulations [21, 36].

In the present study, two curcumin nanoformulations were prepared, NC-EDG and NC-PCL. We also
prepared two nanoformulations without curcumin to serve as controls. The physio-chemical
characteristics of both curcumin nanocapsules showed an efficiency of encapsulation and uniformity of
nanometric size; these results were satisfactory according to the production protocol established by our
research group [29, 30].

Curcumin has been considered a promising approach to the treatment of several brain disorders. We
determined cytotoxicity parameters of free curcumin and curcumin-loaded nanocapsules measured as
cell death, proliferation and oxidative profile. In vitro experimental models are useful tools because they
provide preliminary profiles of cellular responses and possible damages that could occur, guiding
subsequent studies [37, 38].

A review by Soleimani, Sahebkar, and Hosseinzadeh discussed the safety and toxicity of curcumin in in
vitro and in vivo models, both in animal and human trials [26]. According to the authors, curcumin was
non-toxic up to specific concentrations, depending on the model studied. Nevertheless, the use of
curcumin nanoformulations needs to be explored in more depth. The authors indicated that curcumin is
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non-mutagenic and safe for pregnant animals; however, this assertion should be tested carefully [26]. In
agreements, some authors defended the notion that nanoencapsulated medications should be tested for
their safety. We evaluated NC-PCL and NC-EDG and free curcumin in microglial and neuronal-like cell
lines at different incubation periods.

In BV-2 cells, at 24 h after exposure, we found that free curcumin at the two highest concentrations
decreased ROS production and 0.5-2.5 yM of NC-EDG and 2.5 and 5 uM for NC-PCL were safe to use in
vitro, in that they did not compromise cell homeostasis. However, at 48 h of exposure, specific
concentrations of the nanoformulations unbalanced the oxidative profile. The amount of free DNA
increased, suggesting that the non-toxic concentrations were 0.5-1.0 uM for NC-EDG and 2.5 uM for NC-
PCL, in this situation. With longer exposure times, the amount of free dsDNA was highly significant for all
nanoformulations, suggesting possible membrane damage; this finding can be explained by the
interaction of the polymers that make up the nanocapsule with the cell membrane, increasing
permeability [36, 39]. By contrast, curcumin alone did not cause membrane damage at 72 h.

Exposure of these agents to neuronal-like cells showed that curcumin nanocapsules were associated with
increased ROS levels, suggesting oxidative stress. NC-EDG was associated with high dsDNA levels at all
concentrations, suggesting membrane damage, possibly due to EDG interacting with the cell membrane.
At 48 h, the amount of free dsDNA also increased. By contrast, from 1.0 uM of nanoformulations, ROS
production decreased, suggesting that perhaps the nanocapsules positively modulated oxidative
mechanism. Curcumin was safe up to 10 uM; however, it was associated with ROS levels from 2.5 pM. At
72 h, the changes were more significant, suggesting compromised cellular homeostasis.

The antioxidant properties of curcumin are among the essential features that raise its therapeutic value.
Severe oxidative stress is a cause of neural loss in the context of brain disorders [5]. The production of
ROS and NO, under conditions of homeostasis, occurs as part of cellular physiological metabolism and is
essential for the organism to identify and eliminate stressors agent. Decreased ROS levels can be
harmful under normal conditions but not during diseases treatment. The mechanisms by which curcumin
decrease ROS levels, unbalancing the compromising antioxidant profile, involve its antioxidant activity,
which neutralizes ROS formed by cells [1, 2, 5, 6, 40]. Studies showed that cancer cells are more
susceptible to curcumin than normal cells; curcumin’s mechanism of action involves the regulation of
ROS production, depending on cell type and experimental conditions [40-43].

Here, we demonstrated that 10 and 20 pM of curcumin, depending on the exposure time, were harmful to
cells, causing lower cell viability. In contrast, intermediate curcumin concentrations showed less
neurotoxicity compared to the same concentrations of nanoformulations, as these obtained more
significant statistical results when compared with negative control. This can be explained by the fact that
nanoformulations have components that generate cytotoxicity, including the surfactant polysorbate 80.
This fact also explains decreased or increased cell viability, membrane damage, and imbalance in levels
of ROS and NO in nanoformulations that did not contain curcumin, used here as controls [39].
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Comparing the two curcumin nanoformulations, NC-PCL showed better results than NC-EDG, indicated by
the lower significance levels when compared to negative control; however, the optimal choice for use in
subsequent experiments will depend on the investigation experimental design because NC-PCL is more
suitable for parenteral administration and NC-EDG is better for the oral route; this is because the
constituent polymers differ for each nanocapsule. It is also important to highlight that in vitro screening
tests are very important; however, results obtained in vivo may present different results, due to the
consideration of an organism and its metabolism as a whole [20, 36].

It is important to note that cellular behavior, oxidative status depended on the exposure time. Damage
increased over time primarily due to the high levels of free DNA in the supernatants in BV-2 cells and high
levels of NO for 20 uM of NC-EDG. These characteristics must be considered when formulating the
experimental design of a study.

No studies focused on safe concentration-response curves of curcumin in healthy cells originating from
the CNS,; few studies are the same in healthy cells from tissue sources [28, 44-47]. However, in animals,
the ethanolic extract of the rhizomes of C. longa, when administered chronically, changed the weight of
the heart and lung [27]. Corroborating this, Balaji and Chempakam demonstrated the toxicity of several
components of C. longa, among them curcumin, with dose-dependent hepatotoxicity [46].

Cancer cell lines have been used to determinate the ideal concentration of curcumin treatment and neural
lines for brain injuries in vitro models.

In the PC12 cancer cells, curcumin decreased cell viability in a concentration dependent manner [48].
Using microglial BV-2 cells, Zhang et al. found that curcumin inhibited lipopolysaccharide-induced
neuroinflammation at 1, 5, 10, 20, and 40 puM [49]. Curcumin also inhibited oxidative stress by decreasing
ROS in a model of neurodegenerative disease with SH-SY5Y cells at 1, 2.5, and 5 uM [15]. Mursaleen et al.
used curcumin nanoformulation 5 and 10 uM to protect the cells against neurotoxicity induced by
rotenone in SH-SY5Y cells [23].

These studies demonstrate that our results for safe concentrations of curcumin are in line with those
used to treat diseases that affect the CNS. Therefore, concentrations between 1.0 to 5 uM are not harmful
to healthy cells. Nevertheless, because of the disadvantages of the substance in free form,
nanoformulations at the same concentrations or even lower than those mentioned may deliver more
satisfactory results by controlling the release of curcumin and increasing its bioavailability, in addition to
crossing the blood-brain barrier and reaching the sites of brain injuries [18, 21, 22].

According to our introductory innovative study, that determined the non-neurotoxic concentrations of
curcumin nanoformulations and their free form, researchers can use our findings as a basis for choosing
the optimal concentrations for their experimental models. It is essential to use safe concentrations to
analyze the pharmacological potential of natural products. Because the present study was a proof of
concept study, more specific investigations and in vivo experimental models must be carried out to test
our findings.
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Conclusion

Curcumin nanoformulations using PCL and EDG in BV-2 and SH-SYS5Y cells were more toxic than free
curcumin. We suggest that 1.0—5 pM of free curcumin and curcumin nanocapsules may be useful for the
treating or preventing diseases that affect the CNS, as they do not cause collateral damage to healthy
cells.
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Figure 1

Cellular viability or proliferative status using MTT assay. a BV-2 cells after 24 h of exposure to curcumin
treatments. b BV-2 cells after 48 h of exposure to curcumin treatments. ¢ BV-2 cells after 72 h of exposure
to curcumin treatments. d SH-SY5Y cells after 24 h of exposure to curcumin treatments. e SH-SY5Y cells
after 48 h of exposure to curcumin treatments. f SH-SY5Y cells after 72 h of exposure to curcumin
treatments. NB-EDG: nanocapsule of EDG without curcumin; NC-EDG: nanocapsule of EDG with
curcumin; NB-PCL: nanocapsule of PCL without curcumin; NC-PCL: nanocapsule of PCL with curcumin;
Curcumin: free curcumin; CTL: negative control. Statistical analysis was performed comparing treatment
groups with the negative control. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 2

Membrane damage and DNA exposure using the PicoGreen assay. a BV-2 cells after 24 h of exposure to
curcumin treatments. b BV-2 cells after 48 h of exposure to curcumin treatments. ¢ BV-2 cells after 72 h
of exposure to curcumin treatments. d SH-SY5Y cells after 24 h of exposure to curcumin treatments. e
SH-SY5Y cells after 48 h of exposure to curcumin treatments. f SH-SY5Y cells after 72 h of exposure to
curcumin treatments. NB-EDG: nanocapsule of EDG without curcumin; NC-EDG: nanocapsule of EDG with
curcumin; NB-PCL: nanocapsule of PCL without curcumin; NC-PCL: nanocapsule of PCL with curcumin;
Curcumin: free curcumin; CTL: negative control. Statistical analysis was performed comparing treatment
groups with the negative control. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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Figure 3

NO levels in supernatants using Griess reagent. a BV-2 cells after 24 h of exposure to curcumin
treatments. b BV-2 cells after 48 h of exposure to curcumin treatments. ¢ BV-2 cells after 72 h of exposure
to curcumin treatments. d SH-SY5Y cells after 24 h of exposure to curcumin treatments. e SH-SY5Y cells
after 48 h of exposure to curcumin treatments. f SH-SY5Y cells after 72 h of exposure to curcumin
treatments. NB-EDG: nanocapsule of EDG without curcumin; NC-EDG: nanocapsule of EDG with
curcumin; NB-PCL: nanocapsule of PCL without curcumin; NC-PCL: nanocapsule of PCL with curcumin;
Curcumin: free curcumin; CTL: negative control. Statistical analysis was performed comparing treatment
groups with the negative control. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 4

ROS levels in supernatants using DCFH-DA reagent. a BV-2 cells after 24 hours of exposure to curcumin
treatments. b BV-2 cells after 48 h of exposure to curcumin treatments. ¢ BV-2 cells after 72 h of exposure
to curcumin treatments. d SH-SY5Y cells after 24 hours of exposure to curcumin treatments. e SH-SY5Y
cells after 48 hours of exposure to curcumin treatments. f SH-SY5Y cells after 72 hours of exposure to
curcumin treatments. NB-EDG: nanocapsule of EDG without curcumin; NC-EDG: nanocapsule of EDG with
curcumin; NB-PCL: nanocapsule of PCL without curcumin; NC-PCL: nanocapsule of PCL with curcumin;
Curcumin: free curcumin; CTL: negative control. Statistical analysis was performed comparing treatment
groups with the negative control. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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