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Nanoencapsulation Improves Scavenging Capacity and Decreases Cytotoxicity
of Silibinin and Pomegranate Oil Association
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Abstract. Silibinin (SB) and pomegranate oil (PO) present therapeutic potential due to
antioxidant activity, but the biological performance of both bioactives is limited by their low
aqueous solubility. To overcome this issue, the aim of the present investigation was to develop
nanocapsule suspensions with PO as oil core for SB encapsulation, as well as assess their toxicity
in vitro and radical scavenging activity. The nanocapsule suspensions were prepared by interfacial
deposition of preformed polymer method. SB-loaded PO-based nanocapsules (SBNC) showed
an average diameter of 157 ± 3 nm, homogenous size distribution, zeta potential of
−14.1 ± 1.7 mV, pH of 5.6 ± 0.4 and SB content close to 100%. Similar results were obtained
for the unloaded formulation (PONC). The nanocapsules controlled SB release at least 10 times
as compared with free SB in methanolic solution. The SBNC scavenging capacity in vitro was
statistically higher than free SB (p < 0.05). Cell viability in monocytes and lymphocytes was kept
around 100% in the treatments with SBNC and PONC, while the SB and the PO caused a
decrease around 30% at 50 μM (SB) and 724 μg/mL (PO). Protein carbonyls and DNA damage
were minimized by SB and PO nanoencapsulation. Lipid peroxidation occurred in nanocapsule
treatments regardless of the SB presence, which may be attributed to PO acting as substrate in
reaction. The free compounds also caused lipid peroxidation. The results show that SBNC and
PONCpresented adequate physicochemical characteristics and low toxicity against human blood
cells. Thereby, this novel nanocarrier may be a promising formulation for therapeutic
applications.
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INTRODUCTION

Silibinin (SB) is a flavonoid isolated from seeds and fruits of
milk thistle plant (Silybum marianum). Its extract, named
silymarin, is a mixture of flavolignan (silibinin, isosilibinin,
silydianin, and silychristin) among other components less phar-
macologically important. SB is the most abundant and active
component which has shown stronger efficacy in treating hepatic
injury and most recently has been considered a potential
anticancer and chemopreventive agent. Its biological effects have
been attributed to anti-inflammatory, antioxidant and immuno-
modulatory mechanisms (1,2). Despite SB potential, it has low
aqueous solubility which impairs its oral bioavailability (3,4).
Besides, because it is a polyphenolic compound with apolar
characteristics, it has at the same time difficulty to solubilize in oils

and water (5). Such physicochemical characteristics make SB a
candidate for nanoencapsulation to circumvent these limitations.
With this respect, some recent studies showed SB-loaded matrix
nanoparticles with controlled release, improved solubility, bio-
availability and biological effects (6–8).

The pomegranate oil (PO) is rich in unsaturated fatty
acids, including punic, oleic, linoleic and palmitic acids, that
have an important role in preventing cardiovascular diseases
(9). Due to the phenolic compounds and unsaturated fatty
acids, it has the capacity to scavenge free radicals and reduce
reactive species of oxygen (10). With respect to cancer, PO
has preventive and antiproliferative activities (11,12).
Nanoemulsion and lipid nanoparticles have been developed
to improve neuroprotective effect, antioxidant capacity,
photoprotection and antiglioma activity (13–15). The associ-
ation between oil and active molecule-loaded nanostructured
systems has improved the effectiveness of both by a
synergistic effect (16,17).

As already mentioned, nanotechnology can improve the
performance of drugs and vegetable oils. Among the
nanoparticulate systems, the nanocapsules have recognized
capacity for improving drug biological effects. The
nanocapsules present core–shell architecture, able to act as
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a drug reservoir. The shell is composed by a polymer which
acts as a membrane controlling the drug release. The core,
usually oily, differentiates nanocapsules from nanospheres
(18). Vegetable oils have been chosen as raw materials to
form a nanocapsule core due to their important biological
activities. In this way, PO in nanocapsules serves as a
structural and functional component which could contribute
to a better therapeutic outcome (19–21).

The improvement in the pharmacological effect and in
the physical and chemical properties is only advantageous, if
it does not result in an increased toxicity. Although many
plant elements are recognized as non-toxic and safe at
therapeutic doses, the nanocapsule toxicity should be
checked. The growing interest in nanotechnology as a tool
to improve drug clinical efficacy is linked to the need of
understanding the nanosystem toxicity. The toxicology field is
frequently searching for protocols to evaluate cytotoxicity
and genotoxicity, which can also be related to the primary
components of the nanoparticles and not only to the active
component. Mononuclear blood cells (monocytes and lym-
phocytes) are involved in the inflammatory process, and are
the first to react when the body suffers an injury, being
considered toxicity biomarkers. So, to know how the formu-
lations influence these cells is extremely relevant (18,22).

In a recent study, our group demonstrated that SB-
loaded PO-based nanocapsules exhibited anti-inflammatory
effects on skin damage UVB radiation induced in mice (23).
Considering the nanotechnology issues, this study aimed to
detail the SB-loaded PO-based nanocapsule preparation and
characterization, as well as to evaluate their cytotoxicity in
human blood cells.

MATERIALS AND METHODS

Materials

SB, 3-(4,5-dimethythiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT), 1-1-diphenyl-2-picrylhydrazyl (DPPH), 2,4-
dinitrophenylhydrazine (DNPH), and Histopaque-1077®
were purchased from Sigma-Aldrich Co. (St. Louis, USA).
The PO was obtained from Florien (Brazil). Polysorbate 80
and sorbitan monooleate were acquired from Brasquim
(Porto Alegre, Brazil). Ethyl celullose was donated from
Colorcon (Cotia, Brazil). Fetal bovine serum (FBS) was
obtained from Gibco (Carlsbad, USA). Thiobarbituric acid
(TBA) was purchased from Merck (Darmstadt, Germany).
The culture medium RPMI was purchased from Vitrocell
(Campinas, Brazil). All other chemicals and solvents pre-
sented pharmaceutical grade.

Methods

Analytical Method

The analytical method was developed on LC-10A HPLC
system (Shimadzu, Japan) equipped with LC-20AT pump,
UV-Vis SPD-M20A detector, CBM-20A system controller,
and SIL-20A HT valve sample automatic injector. The
separation was achieved using a Kinetex C18 Phenomenex
column (250 mm × 4.60 mm, 5 μm; 110 Å) coupled to a C18

guard column at room temperature. The SB detection was

performed at 288 nm and the isocratic mobile phase
(acetonitrile/water pH 3.5) (40:60, v/v) at 1 mL/min flow rate.
The method was linear (r = 0.9999), specific, accurate (98.25
to 101.87%), precise, and robust (relative standard deviation
was <2%).

Dissolution/Swelling of Polymer Films and SB Solubility

Polymer films were prepared by ethyl cellulose (EC)
dispersion in acetone, followed by its evaporation at room
temperature. Fragments about 35 mg of the polymer film
were immersed in PO at room temperature, during 60 days, in
order to evaluate the oil’s ability to solubilize or swell the EC
film (24). In predetermined intervals, the films were removed
from the contact with the oil and dried with an absorbing
paper. Weight variation was determined using an analytical
balance. The experiment was conducted in triplicate.

To evaluate the SB solubility in PO, an excessive SB
amount was added to 3 mL of oil, kept under magnetic
stirring for 12 h and centrifuged at 3000 rpm for 10 min. A
supernatant aliquot was diluted with methanol and quantified
by the HPLC method described above.

Nanocapsule Preparation and Characterization

SB-loaded polymeric nanocapsules (SBNC) were pre-
pared in triplicate of batch by interfacial deposition of
preformed polymer (25). An organic phase containing
0.077 g of sorbitan monooleate, 0.3 g of PO, 0.1 g of EC
and 0.01 g of SB were dissolved in 50 mL of acetone. This
organic solution was injected into 50 mL of an aqueous phase
containing 0.077 g of polysorbate 80 under moderate
magnetic stirring during 10 min. Acetone was removed, and
the aqueous phase was concentrated by evaporation at 40°C
under reduced pressure to obtain 10 mL. The final theoretical
SB concentration in the aqueous nanocapsule suspension was
1 mg/mL, and the oil content was 3%. For comparison
purposes, blank nanocapsule suspensions (PONC) were
prepared in a similar way, but without SB addition.

The total SB content in nanocapsule suspensions was
assayed by diluting a sample aliquot in 10 mL methanol and
subjecting it to sonication for 5 min. Samples were filtered
through a 0.45 μm membrane and injected into the HPLC
system using the method described above. For the determi-
nation of the encapsulation efficiency, a sample aliquot was
placed in a 10,000 MW centrifugal device (Amicon® Ultra,
Millipore) and free drug was separated from the nanostruc-
tures by ultrafiltration/centrifugation technique at 7000 rpm
for 10 min. The difference between the total and the free SB
concentrations, determined in the SBNC and in the ultrafil-
trate, respectively, was calculated as the encapsulation
efficiency (EE%) according to the following equation:

EE% ¼ Total SB content−Free SB content
Total SB content

� 100 ð1Þ

Particle sizes and polydispersity indexes (PDIs) were
measured by photon correlation spectroscopy (Zetasizer
Nano series, Malvern Instruments, UK). Zeta potentials
(ZP) were evaluated by microelectrophoresis, using the same
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instrument. pH values were determined immersing the
electrode of a potentiometer (Model pH 21, Hanna Instru-
ments, Brazil) in the aqueous suspensions. The analyses of
these parameters were performed at room temperature in
triplicate.

In order to further support the size recorded, scanning
electron microscopy was performed. Nanocapsules were
previously lyophilized using lactose (cryoprotectant), and
the samples were gold sputtered and subsequently analyzed
using an accelerating voltage of 5 kV (scanning microscope
Vega3, Tescan).

In Vitro SB Release

The SB release from nanocapsules was studied by the
dialysis diffusion technique. One milliliter of SBNC was
placed in a dialysis bag (10,000 Da), and this system was
immersed in 200 mL phosphate buffer (pH 7.4) at 37°C,
under continuous magnetic stirring. At predetermined inter-
vals, 1 mL of the release medium was withdrawn and
replaced by the same volume of fresh medium, to maintain
the sink conditions. The amount of SB released was assessed
by HPLC, using the same chromatographic conditions
previously described. For comparative purposes, the SB
methanolic solution was submitted to the in vitro release
assay. SB is very soluble and stable in methanolic solution. SB
(0.01 g) was dissolved in methanol (10 mL) to form a clear
and colorless solution (1 mg/mL). The experiment was
conducted in triplicate.

In order to understand the mathematical behavior of the
release profile and mechanism of SB release, the data was
fitted to first order (Eq. (2)) and Korsmeyer–Peppas
(Eq. (3)), respectively. The half-life of first-order kinetics
was calculated from Eq. (4).

C ¼ C0:e−kt ð2Þ

ft ¼ a:tn ð3Þ

t1=2 ¼ 0:693
.
k ð4Þ

where C is the concentration at time t, C0 is the SB initial
concentration, k is the kinetic rate constant, t1/2 is the time to
release 50% of SB, ft is the SB fraction released at time t
(hours), a is a constant which incorporates structural and
geometric characteristics of the release system, and n is the
exponent that indicates the drug release mechanism (26). The
Scientist 2.0 software (MicroMath®, USA) was used to
perform the mathematical modeling.

DPPH Radical Scavenging Capacity Estimation

In this study, we evaluated the radical scavenging of
SBNC, PONC, SB and PO. The SBNC and SB were diluted
at 1, 5, 10 and 50 μM concentrations. PONC and PO were
also diluted, but their concentrations were expressed in terms
of the amount of oil being 14.5, 72.4, 145 and 724 μg/mL. The
colloidal suspensions were diluted in water and SB and PO in
ethanol. The radical scavenging capacity was based on the

method described by Serpen and co-workers with minor
modifications (13,27). The samples were incubated with
1.5 mL DPPH reagent at room temperature. After 30 min,
the absorbance values were measured at 518 nm and
expressed as percentage of scavenging capacity following
Eq. (5):

%SC ¼ 100−
Abs−Abbð Þ � 100

Abc
ð5Þ

where

%SC scavenging capacity in percentage
Abs sample incubated with DPPH absorbance
Abb sample absorbance (without DPPH)
Abc control absorbance (DPPH absorbance)

Viability, Genotoxicity, and Oxidative Effects on Mononuclear
Blood Cells

Blood Collection. The human blood was used to perform
the experiments. The protocol was approved by the commit-
tee for research with humans (CAAE:31211214.4.0000.53306)
with no identifying data. Peripheral blood samples were
obtained from healthy volunteers by vein puncture using a
top Vacutainer (BD Diagnostics, Plymouth, UK) and heparin
tubes. The Histopaque-1077® density gradient was used to
separate mononuclear cells using 4 mL blood samples. After
separation, the cells were transferred to culture media
containing 5 mL RPMI with 10% fetal bovine serum and
1% penicillin and streptomycin. The cells were cultured at an
initial density of 2 × 105 cells/mL and then incubated with
SBNC, PONC, SB and PO for 72 h at 37°C in a 5%
humidified CO2 atmosphere. The working concentrations
were 1, 5, 10 and 50 μM for the SBNC and SB. PONC were
diluted as the SBNC; however, the concentrations were
expressed in terms of PO, being 14.5, 72.4, 145 and 724 μg/
mL. The samples were diluted in RPMI. Hydrogen peroxide
was used as positive control of damage. Negative control was
performed by incubating cells with RPMI.

Cell Viability. Cell viability was evaluated using a
colorimetric assay that measures the reduction of 3-(4,5-
dimethythiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
by mitochondrial succinate dehydrogenase. Cell viability was
expressed as a percentage of the negative control value. The
MTT was dissolved in phosphate buffer (pH 7.4) (5 mg/mL),
added into a microplate containing the sample treatments,
and incubated for 3 h at 37°C protected of light. The
absorbance at 540 nm was read. This assay was performed
in triplicate for each treatment.

Comet Assay. The genotoxicity evaluation was per-
formed by Comet assay. This analysis was adapted following
the protocol described by Garcia and co-workers (28). After
the incubation, on a glass plate covered with a layer of 1.5%
agarose, samples were deposited already suspended in
agarose of low melting point. The material was immersed in
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lysis solution for the removal of membrane and cytoplasm.
The slides were incubated in alkaline electrophoresis buffer
and subjected to electrophoresis for 30 min at 25 V and
300 mA. To analyze the genetic material, neutralization,
fixation, and coloring processes were carried out. Each slide
was evaluated by optic microscopy, and the cells were
classified according to the nuclei format into four damage
classes, varying from 0 (no damage) to 4 (maximum damage).

Lipid Peroxidation. The evaluation of lipid peroxidation
induced by samples was performed by thiobarbituric acid
(TBA) reaction with malondialdehyde (MDA), the main
product of lipid peroxidation. After incubation, 1 mL suspen-
sion cell was centrifuged for 10 min at 1000 rpm. The
supernatant was discarded and the pellet was washed with
0.9% NaCl for three times, and 300 μL phosphate buffer
(pH 7.4), 100 μL 10 nM BHT and 500 μL 20% trichloroacetic
acid were added. This mixture was centrifuged for 5 min at
2000 rpm. Nine hundred microliters of supernatant was mixed
with 140 μL water, 300 μL TBA, 60 μL 10% phosphoric acid
and incubated for 90 min at 95°C. The reading was performed
at room temperature in a spectrophotometer at 532 nm. The
results were expressed as nanomoles of MDA/106 cells, as in
Ferreira and co-workers (13).

Protein carbonyl Assay. The protein damage was deter-
mined by the protocol described by Ferreira and co-workers
(13). After the incubation, 50 μL of suspension cells was
diluted with Tris/HCl buffer (pH 7.4) (1:8) and 20 μL 10 mM
DNPH reagent in 2 M HCl was added to an aliquot (1000 μL)
of this dilution. For the blank, 20 μL 2 M HCl was used.
After, the samples were incubated for 1 h in the dark with
vortex mixing every 15 min. Five hundred microliters of
denaturizing buffer (pH 6.4 + 3% sodium dodecyl sulfate),
2000 μL ethanol and hexane were added to the samples and
vortex mixed for 40 s, and then centrifuged for 15 min at
3000 rpm. The pellet was washed with 1 mL ethanol/ethyl
acetate (1:1). One thousand microliters of denaturizing buffer
was added and the tubes were kept in water bath at 40°C until
total pellet dissolution. The absorbance was measured at
370 nm and the results were expressed as nanomoles of
carbonyl content/106 cells.

Statistical Analysis

Formulations were prepared and analyzed in triplicate
and the results were expressed as mean ± standard deviation.
GraphPad Prism Program, version 6, was the software used
for the t test and analyses of variance (ANOVA) and post hoc
Tukey test. A p value <0.05 was considered to be statistically
significant.

RESULTS

Dissolution/Swelling of Polymer Films

The initial mass of the polymer films was 36.4 ± 3.1 mg,
and that after 60 days of PO contact was 37.3 ± 1.2 mg.
However, the statistical analysis pointed out that the observed

differences were not significant (p > 0.05), indicating that the
PO is suitable to form EC nanocapsules.

Physicochemical Characterization

Both colloidal nanocapsule suspensions were milky in
appearance and showed the characteristic opalescent bluish
reflection resulting from the Brownian motion of the colloidal
structures. The mean diameters were lower than 170 nm.
Besides, the SB presence did not cause significant difference
in particle sizes (p > 0.05). The polydispersity indexes were
lower than 0.10, which indicates a narrow size distribution.
The pH value was slightly acidic. The zeta potential was
negative, which is related to the anionic EC feature. SB
encapsulation efficiency of SBNC was greater than 96%,
which is attributed to the higher SB affinity with the oil core
than with the aqueous phase. Table I presents the physico-
chemical characteristics. A representative image of the
developed formulations is shown in Fig. 1. It was possible to
visualize the presence of spherical nanostructures at the
cryoprotectant surface in the micrograph image.

In Vitro SB Release Study

Figure 2 shows the release profiles of free and
nanoencapsulated SB. After 9 h, the release percentages
were 31.25 ± 1.52 and 90.15 ± 5.70% for SBNC and SB,
respectively. The mathematical modeling indicated that the
SB release profile showed higher correlation coefficients for
first order and the Korsmeyer–Peppas equation (Table II).

DPPH Radical Scavenging Capacity Estimation

The ability of SBNC, PONC, SB and PO for scavenging
DPPH, a stable free radical, was evaluated. Figure 3 presents
the DPPH assay results. Radical scavenging activity of SBNC
was 80 to 92%. The free SB DPPH scavenging activity was 72
to 80%. There were significant differences between SB and
SBNC at all concentrations (p < 0.05). The PONC presented
radical scavenging activity between 84 and 90%. The PO
showed a scavenging capacity between 65 and 85%. Signifi-
cant differences were observed for the PO and PONC
(p < 0.05). There was no significant difference between
SBNC and PONC (p > 0.05).

Cytotoxicity, Oxidative Effects, and Genotoxicity
on Mononuclear Cells

Cell viability, based on mitochondrial respiration, was
evaluated by MTT reduction assay after 72 h incubation. The
blank (PONC) and loaded nanocapsules (SBNC) behaved in
the same way, and they were equivalent to the negative control
(p > 0.05). In contrast, the free compounds caused toxicity in
certain concentrations. The cell viability was 78.33 ± 8.40,
71.75 ± 2.47, and 70.42 ± 1.73%, for PO at 145 and 724 μg/mL
and SB at 50 μM, respectively, showing statistical difference with
the nanostructured formulations at the same concentration and
negative control (p < 0.05) (Fig. 4).

Most samples had protein carbonyl levels below the
negative control. The SB and PO at the highest concentration
(50 μM and 724 μg/mL) showed values higher than the
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baseline. In particular, the SB caused a prominent damage,
which was not observed when this concentration was
nanoencapsulated (Fig. 5).

Regarding lipid peroxidation results (Fig. 6), the lowest
sample concentrations showed MDA values lower than or
equal to the negative control. SB was more toxic than SBNC

at 50 μM. The behaviors of PONC and SBNC were similar, at
the largest concentration. The free oil showed more extensive
peroxidation levels, which could be observed at 145 and
724 μg/mL.

Table III shows the results of the comet assay. The
evaluation of DNA damage is a qualitative data obtained by
microscopic evaluation. One hundred nuclei were analyzed
over the entire blade for calculating a damage index. For the
negative control four nuclei were found with minimal damage
(index 0.04). The SBNC showed similar behavior to the
negative control. SB at the highest concentration had 17
nuclei with alteration, 3 of which were considered more
severe. The PONC damage demonstrated an index of at most
0.08 at 724 μg/mL. The PO had a damage index from 0.02 to
0.29, increasing as their concentration increased.

DISCUSSION

As stated in other studies, an essential condition to the
formation of a core–shell structure is the absence of polymer
dissolution or swelling by the oil. In order to evaluate if there
is an interaction between EC and PO, it is necessary to put
them in contact for a period of time. This assessment should
be the starting point in the preformulation process because if
there is an interaction between the components, the core–
shell structure is not formed, and we must replace them (24).
The results of dissolution/swelling showed that PO and EC
are suitable for being employed together in the nanocapsule
preparation. The initial weight of the polymer film remains
during the entire monitoring period. There is therefore no
risk of dissolution or polymer swelling after obtaining the
nanocapsule suspensions. Based on our experience, EC has
proven to be an excellent carrier for the preparation of
nanocapsules containing vegetable and synthetic oils (19,29).
The nanocapsules were prepared by an easy and low-cost
method, achieving the characteristics required for a
nanoparticulate drug delivery system: high encapsulation
efficiency, size around 160 nm, low polydispersity and
adequate reproducibility. The same was achieved for PONC.
The obtained values are in agreement with those normally
found in the literature for systems prepared by interfacial
deposition of the preformed polymer method and consistent
with drug delivery systems (30). The high encapsulation
efficiency of SBNC is attributed to the better affinity of SB
with the oil core than the aqueous phase. In accordance with
the literature, the SB solubility in water is negligible, while in
PO it is 95.26 ± 4.28 μg/mL. The entrapment efficiency of
quercetin in EC nanospheres (matrix systems) was around
50%, showing the importance of the oil core in flavonoid
encapsulation (31). The SBNC pH was lower than the first
acid dissociation constants of SB (pKa1 = 6.86, pKa2 = 8.77,
pKa3 = 9.62, and pKa4 = 11.38), predominating the non-

Table I. Characteristics of SB-Loaded (SBNC) and Unloaded (PONC) Nanocapsules

Mean diameter (nm) Polydispersity index Zeta potential (mV) pH SB Content (mg/mL)

SBNC 157 ± 3 0.09 ± 0.02 −14.1 ± 1.7 5.63 ± 0.4 1.02 ± 0.03
PONC 160 ± 7 0.09 ± 0.03 −15.8 ± 1.9 6.1 ± 0.2 –

SBNC silibinin-loaded PO-based nanocapsules, PONC unloaded nanocapsules

Fig. 1. Scanning electron microscopy of lactose (a) and nanocapsules
(b)
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ionized molecular form which hinders their partition in the
aqueous phase of nanocapsule suspension (32).

The in vitro SB release from nanocapsules was performed to
elucidate the kinetics and mechanism of SB release, compara-
tively evaluating the behavior of the methanolic solution. The
dialysis membrane used in this study has a porosity cutoff of
10,000 Da, a barrier to the nanocapsules and not to the free drug.
Thus, it is inferred that the drug that reaches the receptormedium
migrated from the nanocapsule, overtook the dialysis membrane
and reached the medium, where it was quantified. The release
kinetics of SB-loaded nanocapsules and free form follows the
first-order kinetics, whichmeans that there is a linear relationship
between the logarithm of drug concentration and time. Because it
is a monoexponential function, this equation describes the drug
release in a single step, which means that there is no burst effect
on SB release profiles and the drug is released in a controlled
manner from nanocapsules. Previous studies of our group also
showed first-order release kinetics of beclomethasone and
acetazolamide from EC nanocapsules (19,29).

Based on the kinetic rate constants and half-lives, the
nanoencapsulation controlled SB release around 10 times
compared to the drug solution. Being gradually released, the
drug may have a prolonged effect, being protected from any
degradation and also avoiding physical incompatibilities, such
as precipitation or crystallization, with the components of
aqueous biological systems. In this sense, due to the high
reactivity attributed to polyphenols, a controlled release is
very appropriate (33).

The release mechanism of drugs from spherical systems,
such as nanocapsules, can be determined by the Korsmeyer–
Peppas equation that allows calculating the release exponent
Bn.^ According to its value, the release mechanism can be
classified as Fickian diffusion (n = 0.43), anomalous transport
(0.43< n <0.85) or type II transport (n ≥ 0.85) (26). In this
work, the value of Bn^ for SBNC was 0.56, corresponding to
anomalous transport, which depends on the SB diffusion
through the nanocapsule oil core and the effect of external
aqueous phase of the colloidal suspension on the polymer
wall, causing relaxation of the polymer chains. It is therefore
a combination of diffusion and polymer erosion. This
mechanism also explains the beclomethasone and repaglinide
release from EC nanocapsules (19,34).

Radical scavenging activity is based on the electron-
donating capacity to radical DDPH for substances that have
several OH groups attached to aromatic rings, such as
flavonoids, for example. The compounds capable of donating
H are considered scavengers of free radicals. The hydroxyl
group bounded to carbon 20 of SB BE^ aromatic ring exhibits
the major role in this activity (35).

The SB nanoencapsulation increased its antiradical
capacity in comparison to the free flavonoid (p < 0.05). It
must be considered that the SBNC contains PO in its
composition, which contributes to the overall scavenging
capacity of the nanostructure. It is worth mentioning that
the nanocapsules maintain their submicrometric size during
the incubation period (data not shown). Some studies have
shown that the entrapment of substances may not improve
their antioxidant capacity (13,36). Our results demonstrate
that the nanoencapsulation can improve scavenging capacity
of PO as compared with PONC. This improvement could be
explained by the nanometer scale of size, which increases the
contact surface, letting the hydrogen donor groups in close
proximity with the DPPH molecules (37). A similar observa-
tion was described to lipid nanoparticles containing PO (15).
Silymarin, the crude extract from which SB is obtained, had
its DPPH scavenging property increased after their incorpo-
ration into nanosuspensions (450 nm), with IC50 ranging
from 13 to 2 mg/mL (38). SB-loaded nanoemulsion (200 to
320 nm) prepared with sunflower oil, castor oil and olive oil
did not improve the scavenging capacity of unloaded
nanoemulsion (39) similar to that observed in the present

Fig. 2. SB release profiles from methanolic (SB) solution and nanocapsules (SBNC)

Table II. Parameters Calculated for First Order and Korsmeyer–
Peppas Equation

SBNC SB

First order
r 0.998 ± 0.001 0.995 ± 0.003
k (h−1) 0.042 ± 0.004 0.408 ± 0.011
t1/2 (h) 16.61 ± 1.74 1.70 ± 0.04

Korsmeyer–Peppas
r 0.987 ± 0.001 –
n 0.56 ± 0.02 –

SBNC silibinin-loaded PO-based nanocapsules, SB silibinin
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study. Briefly, our results show that SBNC performed better
than SB and PO. It is important to emphasize that the oil
concentration was 30 times higher than SB concentration (3
and 0.01%, respectively). This qualitative–quantitative com-
position was necessary to form the nanocapsule oil core with
adequate colloidal size. This could explain the same behavior
exhibited by both SBNC and PONC (p > 0.05).

Mononuclear blood cells (monocytes and lymphocytes) are
responsible for the inflammatory and immune response of the
body, reacting in the presence of antigens, and, thus, considered
toxicity biomarkers (22). The cells were incubated with the
SBNC, PONC, SB and PO for lipid peroxidation, protein
carbonyl, genotoxicity and cell viability evaluation. MTT assay
indicated that SBNC and PONC kept the mitochondrial
metabolism of mononuclear cells after the incubation period.
In contrast, the free compounds caused depletion in viability, in
certain concentrations (PO at 145 and 724 μg/mL and SB in

50 μM), indicating that the nanoencapsulation reverses the
toxicity at these doses. In a study performed by Ripoli (2016)
(7), the MTT assay revealed, after 72 h of incubation, that SB-
loaded liposomes (and unloaded liposomes) were well tolerated
byHuh 7.5 cell lines up to 200 μM, while SB (solution) was toxic
above 150 μM, showing also that the nanoassociated form is
safer. Few studies have evaluated the SB effect on human blood
cells. One of these described that the viability was higher than
95% at doses lower than 50 μg/mL, but the technique used was
the trypan blue and the exposure time was 24 h (40), differing
from the protocol practiced in this study. The SB concentrations
used in the present study are in accordance with other protocols
testing SB in human blood cell culture (41,42).

Protein carbonyl is a type of damage that cells can
undergo in the presence of toxic compounds, like reactive
oxygen species (43). The extensive carbonylation observed at
50 μM of SB was reversed when this dose was

Fig. 3. DPPH radical scavenging capacity. Each column represents the mean with standard
deviation of triplicates. #Significant difference between SBNC and SB. @Significant
difference in PONC and PO

Fig. 4. Cell viability of mononuclear cells after 72 h of incubation by the MTT reduction
assay. Each column represents the mean with standard deviation of triplicates. *Significant
difference between SBNC, SB, PONC, PO and negative control. #Significant difference
between SBNC and SB. @Significant difference between PONC and PO
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nanoencapsulated. It is noteworthy that at this concentration
the viability declined by 29.6 ± 1.7% according to MTT
results. Thus, it can be inferred that the harm caused by SB
involves serious damage to protein cells. The pro-oxidant
effect related to SB can justify this increase in protein
carbonyls (44). In the biological medium, polyphenols react
with transition metals or undergo autoxidation, generating
phenoxyl radicals which may initiate lipid peroxidation, DNA
damage, and protein oxidation which, in turn, will lead to
deleterious effects in biological systems (33). The same
happened with PO, which caused higher protein carbonyla-
tion than the baseline value, at doses of 145 and 724 μg/mL,
which was not observed when the oil was confined in
nanoparticles. The comet assay showed DNA damage of
mononuclear cells below 10% (damage index = 0.1, value that
does not indicate toxicity) (22,28) when treated with SBNC

and PONC at all concentrations tested. On the other hand,
SB and PO caused more numerous and severe nuclei damage
at the highest dose. When DNA is damaged and adequate
repair does not occur, this alteration can be perpetuated.
According to the region where the DNA is corrupted, the
tumor initiation may occur. Therefore, it is extremely
important that the components of a formulation and the
active ingredients do not interfere in the genetic integrity, to
prevent neoplastic cell generation (2,45). This cytotoxicity
results are related to the effective active encapsulation and
the controlled SB release, as previously discussed.

The thiobarbituric acid reactive species (TBARS), espe-
cially theMDA, are related to oxidative damage in cellular lipid
membranes. After the incubation, a certain degree of lipid
peroxidation may occur in cells, as seen in the negative control.
In pools where cells were treated with the nanocapsules and the

Fig. 5. Carbonyl protein determination in mononuclear cells after 72 h of incubation. Each
column represents the mean with standard deviation of triplicates. *Represents statistically
higher values to the negative control

Fig. 6. MDA levels in mononuclear cells after 72 h incubation. Each column represents the
mean with standard deviation of triplicates. *Represents statistically higher values to the
negative control. #Significant difference between SBNC and SB. $Significant difference
between SBNC and PONC
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PO, the lipid peroxidation reaction may be consuming the oil as
a substrate. This possibility is reinforced by the PO results, in
which there is a MDA increase in a dose-dependent manner
(p < 0.05). Along with this, we must also consider the possibility
of some oil pro-oxidant effects on the cells, by itself and not as
substrate. Still, it is observed that the PO nanoencapsulation
significantly decreases (p < 0.05) the peroxidation reaction,
which is an advantage for the nanocapsules. The
nanoencapsulation decreased the injury caused by SB at
50 μM. At lower concentrations, the SBNC promoted an
increase in MDA levels, compared with PONC. The literature
has been shown that SB causes TBARS increments in renal cells
(46) which could explain the peroxidation that occurs due to SB
treatments (free or nanoencapsulated). To complement what
was discussed, it is worth noting that vegetable oils can suffer
lipid peroxidation even being incorporated into nanoemulsions
and the SB presence did not interfere in this reaction of the oils
(39), as occurred in the present study at 10 and 50 μM.

Cells treated with SB and PO suffered more damage,
considering lipid peroxidation, genotoxicity, cell viability and
protein carbonyls, showing that these cytotoxicity markers are
correlated with each other and contribute to the sample
safety understanding. The nanocapsule formulations did not
cause protein carbonylation, genotoxicity or decrease in
viability. Lipid peroxidation was the only assay that demon-
strated values higher than the negative control, but this may
be due to the fact that the oil acts as another substrate for the
peroxidation reaction. Altogether, the PO and SB incorpora-
tion within the nanostructure, which is bounded by the EC
polymeric wall, avoids their direct contact with the cells and
minimizes their harmful effects.

CONCLUSION

The nanocapsules containing SB and PO were success-
fully developed. The nanoencapsulation controlled SB

release, protected the cells from toxic effects caused by the
active ingredients, improved their scavenging capacity in vitro
and water solubility. Thus, the nanocapsules developed can
be considered feasible and safe carriers for SB and PO. Such
nanocapsule aqueous suspension is a potential intermediate
product for the development of dosage forms.
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