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Abstract.

3,3’-Diindolylmethane (DIM) is a phytochemical that presents health benefits

(antitumor, antioxidant, and anti-inflammatory effects). However, it is water insoluble and thermo-
and photolabile, restraining its pharmaceutical applications. As a strategy to overcome such
limitations, this study aimed the development and characterization of DIM-loaded nanocapsules
(NGs) prepared with different compositions as well as the in vitro assessment of scavenging activity
and cytotoxicity. The formulations were obtained using the interfacial deposition of preformed
polymer method and were composed by Eudragit® RS100 or ethylcellulose as polymeric wall and
primula or apricot oil as the core. All the formulations had adequate physicochemical characteristics:
nanometric size (around 190 nm), low polydispersity index (<0.2), pH value at acid range, high
values of zeta potential, drug content, and encapsulation efficiency (~100%). Besides,
nanoencapsulation protected DIM against UVC-induced degradation and increased the scavenging
activity assessed by the 2,2'-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) and 1-1-diphenyl-2-
picrylhydrazyl methods. The developed DIM-loaded nanocapsules were further evaluated regarding
the in vitro release profile and cytotoxicity against a human glioblastoma cell line (U87 cells). The
results demonstrated that the nanoencapsulation promoted a sustained release of the bioactive
compound (in the range of 58-78% after 84 h) in comparison to its free form (86% after 12 h), as
well as provided a superior cytotoxic effect against the U87 cells in the highest concentrations.
Therefore, our results suggest that nanoencapsulation could be a promising approach to overcome
the DIM physicochemical limitations and potentialize its biological properties.

KEY WORDS: indole-3-carbinol; polymeric nanoparticles; photodegradation; antioxidant activity;

antitumor.

INTRODUCTION

3,3’-Diindolylmethane (DIM) is a bioactive compound
originated from the oligomerization of the indole-3-carbinol, after
the ingestion of cruciferous vegetables, such as broccoli and
caulifliower. The scientific literature highlights many health
benefits provided by DIM, for example, its antioxidant, anti-
inflammatory, and antitumor properties, and recent studies
investigated its application against several pathologies (1-3). This
phytochemical is a free radical scavenger, lipid peroxidation
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inhibitor, and modulator of different signaling pathways associ-
ated with inflammatory and carcinogenic processes (1,4). Despite
its beneficial actions, DIM is highly susceptible to
photodegradation and also has poor aqueous solubility and low
oral bioavailability (5-7). Therefore, developing a pharmaceutical
DIM dosage form is a challenging task, reinforcing that
technological approaches should be applied to better explore its
promising therapeutic application.

In this context, the development of nanoparticles-based drug
delivery systems has been recognized as a potential alternative to
circumvent physicochemical limitations and maximize the biolog-
ical properties of drugs (8,9). Several advantages are attributed to
nanocarrier systems in comparison to conventional therapy, for
instance controlled delivery of active substances, reduction of
adverse effects, drug protection against chemical and enzymatic
degradation, and improvement of their aqueous apparent
solubility (10-12). Among the nanocarriers, polymeric
nanocapsules (NCs) are colloidal systems composed by a
polymeric wall surrounding an oily core. Of particular impor-
tance, the investigation of novel oils from natural sources, such as
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vegetable oils, has been an interesting approach in the formula-
tion of NCs. The oil core is a structural component of the NCs that
could provide additional pharmacological properties to the
formulation (13-15). Primula (Primula veris, L.) and apricot
(Prunus armeniaca, L.) oils are of special interest for the presence
of unsaturated and poly-unsaturated fatty acids in their compo-
sition (16-18). Despite their potential, as far as we know, there is
no nanocapsule formulation composed by such oils.

Concerning the literature, there are a few investigations
about DIM incorporation into polymeric nanocarriers.
Kiselev and co-workers (19) developed matrix nanoparticles
to improve DIM bioavailability. DIM-loaded nanoparticles of
zein/carboxymethyl chitosan were developed to increase drug
stability (20). Isabella and Mirunalini (21,22) also formulated
DIM-matrix nanoparticles containing chitosan and showed
the antitumor effect of the formulation against a rat mama
tumor. In addition, a recent report showed that a formulation
of PLGA matrix nanoparticles containing DIM demonstrated
antitumor effects (23). However, there are neither studies
about DIM incorporation into NCs composed by primula and
apricot oils nor the investigation of the potential impact of
such association in DIM biological effects.

Therefore, the current study aimed the development and
characterization of novel NC formulations to DIM encapsula-
tion. Different polymers, ethylcellulose (EC) or Eudragit® RS
(ERS), and oils, primula or apricot, were used to prepare the NC
suspension. The photoprotective potential and scavenging
properties of the formulations were assessed. Besides, these
formulations were further studied regarding the in vitro DIM
release profile from the nanostructures and cytotoxic effect
against a malignant glioblastoma cell line (U87 cells).

MATERIALS AND METHODS

Materials

DIM (99.2% purity) was obtained from Active
Pharmaceutica (Brazil). Ethylcellulose (EC) was a gift from
Colorcon (Brazil). Tween® 80 (polysorbate 80), Span® 80
(sorbitan monooleate), 1-1-diphenyl-2-picrylhydrazyl (DPPH)
radical, 2,2’-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS), and 3(4,5-dimethyl)-2,5diphenyl tetrazolium bromide
(MTT) were purchased from Sigma-Aldrich Co. (USA). Primula
oil (PO) and apricot kernel oil (AO) were supplied by Mundo
dos Oleos (Brazil). Eudragit® RS100 (ERS) was donated by
Almapal (Brazil). Dulbecco’s modified Eagle’s medium
(DMEM), fungizone, penicillin/streptomycin, 0.25% trypsin/
EDTA solution, and fetal bovine serum (FBS) were obtained
from Gibco (USA). All other chemicals and solvents were
analytical grade and used as received.

Analytical Procedures

The analytical method for DIM quantification in the NC
suspensions was validated according to the ICH guidelines. A
LC-10A HPLC system (Shimadzu, Japan), equipped with a
LC-20AT pump, an UV-vis SPD-M20A detector, a CBM-
20A system controller, and a SIL-20A HT valve sample
automatic injector was used to perform DIM quantification.
The separation was performed at room temperature using a
Kinetex C;g Phenomenex column (250 mm x 4.60 mm, 5 um;
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110 A) coupled to a CI8 guard column. The DIM was
detected at 288 nm, using an isocratic mobile phase composed
by acetonitrile and water (60:40, v/v) at 1 mL/min flow rate.
For the calibration curve, DIM was properly dissolved in
methanol (DIM solutions in a concentration range of 0.75-
20.0 pg/mL). The method was considered specific, linear (r=
0.9996), accurate, and precise (relative standard deviation <
2.0%) in the above-mentioned concentration range.

DIM Solubility in the Vegetable Oils

The DIM solubility evaluation in the oils was carried out
adding an excess amount of the compound in 2 mL of each
vegetable oil. The systems were kept under moderate
magnetic stirring overnight to assure maximum DIM solubi-
lization. Following, each sample was centrifuged at 3000 rpm
for 10 min and supernatant’s aliquot was diluted with
methanol, filtered, and injected into the HPLC system to
DIM detection, using the chromatographic conditions men-
tioned in the previous section.

Dissolution/Swelling Test of Polymer Films

Polymer films of EC or ERS were prepared by previous
dissolution of each polymer in acetone. After solvent
evaporation, the resulting films were accurately weighted
(approximately 40 mg to EC and 90 mg to ERS) and
separately immersed in an aliquot of each oil at room
temperature (n=6). Over a period of 60 days, at
predetermined time intervals, the films were removed from
the oil and carefully dried with an absorbing paper. Weight
variation was measured in an analytical balance in order to
determine if the polymers have swollen and/or dissolved
during the contact with the oil.

Preparation of Nanocapsule Suspensions

NCs were prepared (n=6) by the interfacial deposition of
preformed polymers method (24). Briefly, an organic phase
containing acetone, vegetable oil, Span® 80, polymer, and DIM
was kept under magnetic stirring for 60 min at 40°C. This phase
was injected into an aqueous dispersion of Tween® 80 and kept
under moderate magnetic stirring for 10 min longer. Then, the
acetone and water were eliminated under reduced pressure to
achieve 10 mL of NC suspension (final DIM concentration at
1 mg/mL). Blank NCs were prepared using the same method,
without the active. All formulations were packaged in amber
glass flasks, stored at 4°C, and used in the assays within a period
of 2 days. The qualitative-quantitative composition of each
formulation is available in Table I.

Physicochemical Characterization of Nanocapsule
Suspensions

Mean Particle Diameter, Zeta Potential, and pH value

The average particle size, polydispersity index, and zeta
potential of the NCs were measured using the ZetaSizer
NanoSeries (Malvern Instruments, UK). This equipment
employs the photon correlation spectroscopy methodology
to determine particle size distribution (samples diluted in
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Table I. DIM-Loaded NC Suspensions Composition

Formulation
Component NC-PEC-D NC-AEC-D NC-PERS-D NC-AERS-D
Aqueous phase
Water (mL) 53 53 53 53
Tween® 80 (g) 0.077 0.077 0.077 0.077
Organic phase
Acetone (mL) 27 27 27 27
EC (g) 0.1 0.1 - -
ERS (g) - - 0.1 0.1
PO (mL) 0.15 - 0.15 -
AO (mL) - 0.15 - 0.15
Span® 80 (g) 0.077 0.077 0.077 0.077
DIM (g) 0.01 0.01 0.01 0.01

EC, ethylcellulose; ERS, Eudragit RS; PO, primula oil; AO, apricot oil. Blank nanocapsules were prepared following the table without adding

DIM

ultrapure water 1:500), while zeta potential is determined by
microelectrophoresis after diluting the samples in 10 mM
NaCl (1:500). The autocorrelation treatment function method
for size distribution analysis was the general purpose and at
least 10 runs were performed to each evaluation. For zeta
potential, Smoluchowski’s approximation was used for the
measurement. The pH value of the formulations was mea-
sured by directly immersing the electrode of a calibrated
potentiometer in the suspensions (Model pH21, Hanna
Instruments, Brazil). All these evaluations were made with 6
(six) independent experiments in triplicate for each batch and
at room temperature.

DIM Quantification in the Nanocapsule Suspensions

For total DIM content in the NC suspensions (n =6), an
aliquot of 100 pL of each formulation (NC-PEC-D, NC-PERS-
D, NC-AEC-D, NC-AERS-D, see Table I) was diluted in 10 mL
of methanol, filtered through a 0.45-um cellulose membrane and
injected into the HPLC system. The DIM encapsulation
efficiency was assayed as follows: 300 nL of the NC suspension
was transferred to a centrifugal device containing an ultrafilter
(Amicon® Ultra, 10,000 MW, Millipore), which was subjected to
the ultrafiltration/centrifugation technique (2200xg for 10 min).
Free DIM was determined in the ultrafiltrate, while the
entrapped active compound was calculated according to the
following equation:

-~ Total DIM content—Free DIM content o

EE Total DIM content

100

1)

In Vitro Assessment of Biological Properties of DIM
Nanoformulations

Photostability Evaluation of DIM-Loaded Nanocapsule
Suspensions

For the photostability evaluation, an aliquot of each
formulation containing DIM (700 pL) was placed in plastic

cuvettes equidistantly organized inside a mirrored chamber
(1 mx25 cmx25 cm) containing an UVC source of light
(Phillips TUV lamp, 30 W). At predetermined intervals, an
aliquot of the formulations was withdrawn and the DIM
content was determined by the previously described HPLC
method. For comparison purposes, a methanolic DIM solu-
tion (free compound) was simultaneously evaluated. In
addition, a dark control (cuvettes protected from light) was
carried out to discard possible degradation caused by
temperature or any other influence of experimental condi-
tions. The evaluation was performed with 6 (six) independent
experiments in triplicate for each batch.

Determination of ABTS and DPPH Radical Scavenging
Capacity

The ABTS and DPPH radical scavenging capacity of the
formulations was assessed as described by Re et al. (25) and
by Sharma and Bhat (26), respectively. DIM-loaded NCs and
blank NCs were diluted in distilled water, pure DIM in
ethanol, pure PO, and pure AO in DMSO. The samples were
evaluated at concentrations of 2.0, 4.0, and 6.0 pg/mL. The
ABTS radical cation solution (0.3763 mM) was prepared by
mixing ABTS stock solution (7 mM) with potassium persul-
fate (140 mM), 12 h before the assay (final ABTS concentra-
tion 42.7 pM). The DPPH was dissolved in methanol and
used as obtained (50 uM). The samples were incubated with
ABTS or DPPH solution during 30 min under light protec-
tion. Following, each sample was mixed with sodium lauryl
sulfate (10% w/v) and the absorbance was measured using a
UV/Vis spectrophotometer (Shimadzu, Japan) at 734 nm
(ABTS assay) or 517 nm (DPPH assay). Pure DPPH or
ABTS and ascorbic acid solutions were used as negative and
positive controls, respectively. The radical scavenging activity
for both tests was expressed as percentage of scavenging
capacity, as follows:

(Abs—Abb) x 100

SC%=100—-
Abc

)
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where SC% is the scavenging capacity in percentage, Abs is
the absorbance of the incubated sample with DPPH, Abb is
the blank sample absorbance, and Abc is the negative control
absorbance. These experiments were carried out with 6 (six)
independent experiments in triplicate for each batch.

In Vitro Release Studies

The evaluation of DIM release from the formulations
NC-PEC-D, NC-PERS-D, NC-AEC-D, and NC-AERS-D
was performed using the dialysis bag diffusion method. An
aliquot of 2 mL of the formulation was placed inside the
dialysis membrane (molecular weight cut-off 10,000 Da,
Sigma-Aldrich) and immersed in 200 mL of the release
medium (phosphate buffer pH 7.4/ethanol 70:30). This system
was kept at 37+2°C under magnetic stirring, and sink
condition was maintained over the experiment. At
predetermined periods, 1 mL of the external medium was
collected and the same volume of fresh medium was replaced.
The quantity of DIM released from the NC suspensions was
assessed by the HPLC method previously described. For
comparison purposes, a methanolic solution of DIM (free
compound) was simultaneously evaluated. The experiment
was conducted with 6 (six) independent experiments in
triplicate for each batch. The results were expressed as
percentage of DIM released over time.

The mathematical modeling was performed to determine
the kinetic and mechanism of DIM release from the NCs. The
experimental data fitted to first order equation (Eq. 3) and
Korsmeyer-Peppas model (27) (Eq. 5), using the Scientist
software 2.0 (MicroMath®, USA).

C= C()Aeik‘ (3)
0.693

by, =292 )

ft = a.t” (5)

where C is the concentration of DIM at the time ¢, Cy is the
initial concentration of the DIM, k is the first order rate
constant, ft is the fraction of drug released at the time ¢, a is
the constant incorporating structural and geometric charac-
teristics of the nanostructured system, and #» is the exponent
related to the release mechanism (n =0.43 for drug diffusion;
n=0.85 for polymer degradation; 0.43 <n <0.85 for anoma-
lous transport).

General Cell Culture Procedures

The human malignant glioblastoma cell line (US7MG)
was obtained from the American Type Culture Collection
(Rockville, MD, USA). Cells were grown and maintained in
low-glucose DMEM containing fungizone (0.1%) and
penicillin/streptomycin (100 U/L) and supplemented with
FBS (10%). After the cultures reached confluency, glioma
cells were seeded in 96-well plates at 5x10° cells/well in
DMEM/FBS (10%) and were kept at 37°C in a humidified
atmosphere with 5% CO, for 24 h.
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Cell Viability Assay

The plate containing U87 cells was incubated with free
DIM, free oils (PO and AO), NC-PEC-D, NC-PERS-D, NC-
AEC-D, and NC-AERS as well as with the respective blank
formulations, at concentrations of 3.0, 6.0, 12, and 24 pg/mL.
Control cells were treated with vehicle, e.g., 1% of DMSO.
Following 72 h of treatment, cell viability was determined by
3(4,5-dimethyl)-2,5diphenyltetrazolium bromide (MTT) assay.
This method is based on the ability of viable cells to reduce MTT
to blue formazan products. The MTT solution was added to the
incubation medium in the wells at a final concentration 0.5 mg/
mL, under light protection until the formation of violet formazan
crystals (around 90 min). Later, the solution was then removed
and an amount of DMSO was added to each well. The optical
density of each plate was measured at 492 nm and the results
were expressed by cell viability (%). Six independent experi-
ments were performed using triplicates.

Statistical Analysis

The results were expressed as mean + standard devia-
tion. Data normality was evaluated by the Kolmogorov-
Smirnov normality test. The statistically significant difference
was calculated by means of one-way ANOVA of ordinary or
repeated measures followed by Tukey’s test. The GraphPad
Prism software version 7 (San Diego, CA, USA) was used to
perform these analyses. Values of p <0.05 were considered
statistically significant.

RESULTS

Preformulation Studies

The DIM solubility in both PO and AO was investigated.
Values obtained were 4.3 +0.7 mg/mL and 7.1 +1.2 mg/mL,
respectively. Regarding a possible undesirable interaction
between the vegetable oils and polymers used to develop
DIM NCs, the film masses modified less than 5% after 60 days
of experiment (p < 0.05), suggesting no polymer solubilization
in the tested oils.

Preparation and Characterization of NC Suspensions

Macroscopically, all formulations presented turbid aspect
and opalescent bluish reflection, which are characteristics of the
chaotic motion presented by the colloidal particles. Table II
depicts the physicochemical characterization of the NC suspen-
sions. The mean diameter was not significantly influenced by the
different oils and polymers used in the preparation of the
nanostructures (p >0.05). The polydispersity indexes were less
than 0.23 to all the formulations (p >0.05). The zeta potential
values were negative for NCs composed by EC, while suspensions
prepared with ERS presented positive values. The pH values
were slightly more acidic for the DIM-loaded NCs containing
ERS than those formulated with EC (p <0.05). Concerning DIM
content, all formulations presented values close to the theoretical
concentration (1 mg/mL), regardless the type of polymer and oil
used to prepare the formulations, indicating minimal losses and
discarding a possible compound degradation throughout the
formulation preparation process. Encapsulation efficiency was
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Table II. Physicochemical Characterization of the NC Suspensions (n =6 + mean)

Nanocapsule Mean diameter (nm) PDI Zeta potential (mV) pH Drug content (mg/mL)
NC-PEC-B 165 +25 0.23 +0.09 -134x1.0 6206 -

NC-PEC-D 157 £39 0.10+0.01 -59+32 5.8+0.2 0.95+0.37

NC-AEC-B 171+42 0.15+0.02 -132+20 5806 -

NC-AEC-D 156 +13 0.11 +0.02 -89+2.0 59+02 0.96 +£0.33
NC-PERS-B 200 =70 0.19+0.08 8.7+2.6 52+02 -

NC-PERS-D 154+10 0.13+0.04 10.9+4.6 5.9+0.0 0.97 +0.60
NC-AERS-B 180 +25 0.20+0.08 11.5+0.9 55+0.7 -

NC-AERS-D 194 +34 0.18 +£0.07 11.8+6.4 50+0.3 0.96 +0.26

PDI, polydispersity index

97% for NC-PEC-D and NC-PERS-D, 94% for NC-AEC-D, and
about 92% for NC-AERS-D.

Photostability Evaluation

The results of photostability studies are depicted in
Fig. 1. After 150 min of experiment, the DIM content
reduced to 40.0 £1.8% in the methanolic solution while the
formulations had around 90% of DIM content. At the end of
the experiment, only 28+0.6% of DIM remained in the
methanolic solution, while the final DIM content was 81 +
71%, 76 £5.0%, 80+2.5%, and 84 +5.4% to NC-PEC-D,
NC-PERS-D, NC-AEC-D, and NC-AERS-D, respectively,
demonstrating a significant decrease in DIM content in
comparison to the DIM-loaded NC suspensions (p <0.001).
These results showed that the nanoencapsulation increased
around 3-folds the photostability of DIM independent of the
type of oil and polymer used to prepare the nanostructure.
The dark control exhibited 100% of DIM, which indicates
that the degradation occurred only because of the radiation
exposure (data not shown).

Determination of DPPH Scavenging Capacity

Figure 2 displays the results of DPPH assay. Except the NC-
PERS-D formulation, the nanoencapsulation provided an in-

% B NC-AERS-D
g B NC-AEC-D
o BN NC-PERS-D
£ B NC-PECD
©

£ = DIM
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° 'y
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Fig. 1. DIM remaining proportion after the NC suspension and the
methanolic solution exposure to UVC radiation. Each bar represents
the mean + SD of six independent experiments. The asterisks denote
the significant levels when compared to DIM methanolic solution
(DIM) (one-way ANOVA of repeated measures, followed by Tukey’s
test). **¥p <0.001

crease in the DIM DPPH scavenging activity in comparison to its
free form. At 2 pg/mL, the formulation NC-AERS-D presented
DPPH scavenging capacity of 41.0+2.5%, which was signifi-
cantly higher than that of the pure DIM (25.0 £ 6.0%) (p <0.05).
At 6 pg/mL, NC-AERS-D and NC-PEC-D improved the
antiradical capacity (65.0+8.2% and 71.0 £ 6.6%, respectively)
in comparison to DIM methanolic solution (47.0+1.6%;
p <0.05). Besides, at this concentration, the formulation NC-
PEC-D demonstrated no significant difference for scavenger
property with ascorbic acid solution, a powerful antioxidant used
as reference (95.0 £ 0.4%) (p > 0.05). Both vegetable oil solutions
showed low scavenger activity, about 6.0 + 0.5% and 3.0 + 0.8%
for PO and AO, respectively. In contrast, the blank NCs
containing the oils had superior scavenging capacity in compar-
ison to their pure forms (p <0.05).

Determination of ABTS Scavenging Capacity

The results displayed in Fig. 3 show that regardless the
NC composition and concentration tested, all the formula-
tions containing DIM had scavenging capacity (63-100%)
superior than free DIM (50-63%; p <0.05). In addition, the
blank NCs containing the oils increased their scavenger
capacity in comparison to the pure oils (p <0.05).

In Vitro Release Studies

The results of DIM release profile are shown in Fig. 4. The
nanoencapsulation controlled the DIM release in comparison to
the methanolic solution, regardless the nanoformulation, after the
first 30 min of experiment (p < 0.05). The free DIM (methanolic
solution) released around 100% of its content after 12 h of
experiment, while NC-PEC-D released 78.0+4.0% and NC-
AEC-D, NC-PERS-D, and NC-AERS-D released 68 +2.9%, 66
+3.5%, and 58 + 5.3%, respectively, over a period of 84 h. Besides,
NC-PERS-D release profile was not significantly different from
NC-PEC-D and NC-AEC-D, regardless the time of experiment
(p> 0.05). NC-AERS-D showed a significant slower release
(p <0.01) than NC-PEC-D after 12 h of experiment and differed
from NC-PERS-D and NC-AEC-D after 24 h (p <0.001). NC-
PEC-D and NC-AEC release profiles only showed significant
difference at 72 h and 84 h (p <0.01 and p < 0.001, respectively).

The mathematical modeling of the experimental data
showed that free DIM and DIM-loaded NCs fitted to the first
order equation (r >0.989 for DIM and r > 0.992 for DIM-loaded
NCs). The dissolution rate constant (k) was approximately
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Fig. 2. DPPH radical scavenging capacity of pure DIM, pure oils, NCs with DIM, and the respective blank NCs. Each bar represents the mean
+ SEM of six independent experiments (ordinary one-way ANOVA, followed by Tukey’s test). *p <0.05. Significant difference between
samples and positive control. #p <0.05. Significant difference between pure DIM and DIM-loaded NCs. @p <0.05. Significant difference
between NCs with and without DIM. $p <0.05. Significant difference between blank NCs and pure oils

0.01 h'! for NC-AERS-D and 0.02 h™! for other formulations,
while for pure DIM it was 0.28 h™', showing slower DIM
dissolution from the NCs than from the pure drug. In addition,
the release exponent calculated according to the Korsmeyer-
Peppas equation suggested anomalous transport as a release
mechanism of the NC suspension (Table III).

Evaluation of Nanocapsule Cytotoxicity Against Glioma
Cells

The in vitro antiglioma effect of all the nanocapsule
suspensions was investigated in U87MG cell line employing
MTT test (Fig. 5). Free DIM reduced the US87TMG cell
viability only at higher concentrations (12 and 24 pg/mL,
78.0 £1.5% and 38.0 £ 3.0%, respectively; p < 0.01; p < 0.001),
while the DIM-loaded NCs had antiglioma effect in all
concentrations tested. Importantly, NC-PEC-D and NC-
AERS-D at the concentration 3 pg/mL presented significantly
higher cytotoxic effect (77.0 +0.5% and 85.3 +0.5%, respec-
tively) in comparison to free DIM (100.0%) (p < 0.001). At
6 ng/mL, besides NC-PEC-D and NC-AERS-D, NC-PERS-D
also presented higher cytotoxic effect (83.6 £ 1.0%) than free
DIM (96.0 +3.4%) (p <0.01). At 24 ng/mL, free DIM and all
the NCs showed significant lower cell viability than the

80
60
40

20

Scavenging capacity (%)

control and it was possible to observe that NC-PEC-D (38.0
+2.0%) showed similar cytotoxic potential to free DIM.
Overall, the incubation with blank formulations also reduced
the US7MG cell viability, but the pure oils had no significant
antitumor effect independent of the concentration tested
(p > 0.05). Nevertheless, it is important to mention that the
highest concentration tested (24 pg/mL) in the formulation
NC-PEC-D caused a significant higher cytotoxic effect
(p <0.05) in comparison to the respective blank formulation,
NC-PEC-B. Regardless the concentration tested, the statisti-
cal analysis showed that NC-PEC-D presented the most
cytotoxic effect among all the DIM-loaded NCs.

DISCUSSION

Preformulation evaluations are very important for this
study, since there are no reports in the literature about the
preparation of DIM-loaded polymeric NCs as well as the
association of EC or ERS with the proposed oils (PO or AO).
To ensure the formation and maintenance of this type of
supramolecular structure, the chosen polymer must be
insoluble in both oily and aqueous phases. Besides, the
absence of polymer swelling by the oil is also required
(8,28). Our results indicate that there was no modification in

1 2 ug/mL
J 4 ug/mL

B 6 ug/mL

- 100

Scavenging capacity (%)

Fig. 3. ABTS radical scavenging capacity of pure DIM, pure oils, NCs with DIM, and the respective blank NCs. Each bar represents the mean
+ SEM of six independent experiments (ordinary one-way ANOVA, followed by Tukey’s test). *p <0.05. Significant difference between
samples and ascorbic acid (positive control). #p <0.05. Significant difference between pure DIM and DIM-loaded NCs. @p < 0.05. Significant
difference between NCs with and without DIM. $p < 0.05. Significant difference between blank NCs and pure oils
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difference between NC-PERS-D and control (DIM). *p <0.05.
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(One-way ANOVA of repeated measures, followed by Tukey’s test)

the weight of the polymeric films over time, suggesting that
both PO and AO were suitable materials for the NC
preparation. Furthermore, due to the high DIM lipophilicity,
its solubilization in both oils was already expected, which
reinforces the feasibility of preparation of DIM-loaded NCs
with primula or apricot oily core. Thus, these data demon-
strate that the materials used to prepare the NC formulation
are compatible.

Several scientific studies report that the nanoprecipitation
methods usually generate particles in the range of 100-500 nm
(13-15,29-33), which are in accordance with the present study.
NCs are instantaneously obtained by rapid solvent diffusion with
slow injection of an organic solution (formed by a semi-polar
solvent, an aqueous insoluble polymer, oil, and drug) into an
aqueous phase, in the presence of surfactants, which allows the
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encapsulation of poorly soluble drugs. Besides, this method is
suitable to deliver compounds that are intended for pharmaceu-
tical or dietary application, because the organic solvent can be
completely removed from the formulation (8,11,34). In our study,
colloidal particles were obtained in the nanoscale (154-200 nm),
regardless the oil or polymer used in the NC composition and the
presence of DIM. All formulations presented low polydispersity
indexes (< 0.25), indicating narrowed particle size distribution and
appropriate system homogeneity.

The zeta potential of colloidal systems depends on the
composition of the particle as well as on its characteristics in the
external phase of the suspension. Such parameter is used as an
indirect measurement of the nanoparticle’s surface charge nature
and intensity (8,11,35). In our study, the oil type did not influence
this parameter, but the formulations composed of ERS showed
positive values probably due to the presence of quaternary
ammonium groups in the polymer chains (13,29,30), while EC
formulations were negatively charged, reflecting the polymer
anionic nature. Besides, in an attempt to minimize the in vivo
opsonization process and to improve the NC stabilization, the
polysorbate 80, a biodegradable copolymer with hydrophilic
segments, was used as a non-ionic stabilizing agent. Hence, the
values found in this study are in accordance with the properties
presented by the raw materials employed in the constitution of
the NCs and predicted adequate system stabilization. As
observed for zeta potential, pH value results depended on the
polymer used in the NC preparation. The formulations containing
ERS showed pH values in the range of 5.0-5.9, while EC NCs
exhibited higher values (5.9-6.2), which were similar to previous
studies that used the same polymers (13,15,36).

The results of drug content indicate minimal active leakage
during the NC preparation. Also, all formulations presented high
values of entrapment efficiency, which could be explained
considering that (i) the interfacial deposition of the preformed
polymer method generally ensures adequate active encapsula-
tion; (i) DIM has high solubility in both vegetable oils tested; and
(iii)) DIM is a water-insoluble compound, with a high log P value
(4.05). Considering such characteristics, it is possible to suggest
that DIM presented a superior affinity with the oily core and/or
with the hydrophobic polymeric wall than to the external aqueous
phase of the colloidal suspension, which prevented its partitioning
to the aqueous phase.

In addition, the physicochemical properties found in this
study are in agreement with previous studies that reported the
development of DIM-loaded nanostructures. Luo and
collaborators (20) developed zein and zein/carboxymethyl chito-
san nanoparticles containing DIM, presenting mean size in the

Table III. Calculated Parameters for First Order and Korsmeyer-Peppas Equations for Free DIM, and DIM-Loaded Nanocapsules (NC-PEC-
D, NC-AEC-D, NC-PERS-D, NC-AERS-D)

DIM NC-PEC-D NC-AEC-D NC-PERS-D NC-AERS-D
First order
R 0.989 0.997 0.995 0.992 0.997
k(™) 0.28 0.02 0.02 0.02 0.01
2 (h) 2.5 46.2 36.4 43.3 63.9
Korsmeyer-Peppas
R - 0.998 0.995 0.995 0.998
N - 0.73 0.80 0.77 0.74
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Fig. 5. In vitro cell viability of human glioblastoma cells (U87MG) after 72 h of incubation with crescent concentrations of pure DIM, PO, AO,
DIM-loaded nanocapsules (NC-PEC-D, NC-PERS-D, NC-AEC-D, NC-AERS-D), and blank nanocapsules (NCPEC-B, NC-PERS-B, NC-
AEC-B, NC-AERS-B) by the MTT reduction assay. Each bar represents the mean + SEM of six independent experiments. (Ordinary one-way
ANOVA, followed by Tukey’s test). (¥) p :<0.05, (**) p <0.01, (***) p <0.001: significant difference between treatments and control. (#) p <
0.05, (##) p <0.01, (###) p <0.001: significant difference between pure DIM and DIM-loaded NCs. (@) p <0.05: significant difference between
NCs with and without DIM. (&&) p <0.01, (&&&) p <0.001: significant difference in comparison with NC-PEC-D at the same concentration.
($) p<0.05, ($$) p<0.01, ($$$) p <0.001: significant difference between blank NCs and pure oils

range 89-250 nm, polydispersity indexes lower than 0.20, and
negative zeta potentials. However, it is important to mention that
the NCs developed in our study showed higher encapsulation
efficiency as well as a DIM content efficiency 20-folds greater than
that of the nanoparticles obtained by Luo and collaborators
(encapsulation efficiency and content efficiency of 69-78% and
50 pg/mL, respectively). These findings could be explained by a
better solubilization/dispersion of DIM promoted by the vegeta-
ble oil contained in the inner core of the NCs. Indeed, another
study supports the hypothesis of improvement of DIM encapsu-
lation in the presence of oily substances. Boakye and col. (37) also
reported high entrapment efficiency values for a DIM-derivative
compound encapsulated in cationic liposomes. The authors
developed a formulation containing a mixture of phospholipids,
cholesterol, and polysorbate 80 by the ethanolic injection method
and obtained liposomes presenting DIM-derivative encapsulation
rate of approximately 91% and drug content of 50 pg/mL.

Considering that it was already defined that DIM
photolability was due to the presence of aromatic rings in its
structure (20), we evaluated if its nanoencapsulation could
prevent its degradation in an accelerated condition (under UVC
light). The results demonstrated that independent of the NC
composition, all formulations enhanced DIM photostability. This
improvement may be due to the structural characteristics of the
NCs, which can absorb or scatter the incident radiation, acting as a
physical barrier against the UV light (13,30,38,39). Luo and
collaborators (20) also observed that DIM nanoencapsulation
improved its photostability, which was attributed to the double
coating of zein and carboxymethyl chitosan nanoparticles.

It is well known that compounds with high radical
scavenging capacity are promising candidates to the manage-
ment of several diseases. In our study, the scavenger potential
of the formulations was determined in vitro using the DPPH
and ABTS radical assays. Both methods are simple, precise,
and useful to evaluate the antioxidant potential of vegetable
oils and extracts, pharmaceutical formulations, and pure or
nanoencapsulated compounds (25,40,41).

The DPPH assay is based on a reaction that reduces DPPH
to diphenyl-picrylhydrazine, which changes the reaction me-
dium from deep-violet to light-yellow color that can be
measured on a UV/visible light spectrophotometer at 517 nm
(41,42). However, this technique lacks selectivity because of
spectral interferences. Hence, the association of DPPH assay
with another method is recommended. In this context, ABTS
cation solution presents a blue/green color and its reduction by a
hydrogen-donating antioxidant is measured by the extent of
decolorization and consequent decrease of its characteristic
absorption at 734 nm (40). This method is considered more
versatile, because the measure is not interfered by the spectra of
complex products and it is useful to evaluate the antiradical
activity of compounds in several media, including phosphate-
buffered solution pH 7.4, which simulates a physiological
environment (25,40). In our study, ABTS findings corroborated
the results obtained for DPPH assay.

The DIM scavenging capacity could be explained by the
presence of two N-H groups in its structure, which can act as H-
donating groups and neutralizes free radicals (40,43). Overall, the
results of our study showed that the nanoencapsulation increased
the radical scavenging activity in comparison to pure DIM and
pure oils. Previous studies suggested that the nanometric size of
the particles in suspension could provide superior contact surface
area between the H donator and DPPH or ABTS molecules,
facilitating the access of the hydrogen atom to the radical site
(14,15,44,45). Besides, blank NCs also showed scavenging
capacity. Therefore, the antioxidant substances present in both
PO and AO could contribute for the improved effect verified for
DIM-loaded NCs. This finding is in accordance with a previous
study of our group that reported superior scavenger capacity of
pomegranate oil NCs than the pure oil (15).

The in vitro release profiles demonstrated that DIM release
from all the DIM-loaded NCs fitted to first order equation,
indicating that release rate depends on the concentration and
occurs in a single step. Furthermore, the absence of burst release



AAPS PharmSciTech (2019) 20: 49

reinforces the total DIM encapsulation in the oil core, corrobo-
rating the values of DIM encapsulation efficiency. It should be
noted that even pure DIM showed a slow release, which can be
attributed to its high lipophilicity. In the NCs, DIM may be
dissolved in the oily core and/or adsorbed onto the hydrophobic
polymeric wall. The presence of the oil and the polymer could act
as additional barriers to DIM release, slowing down its diffusion
from the nanostructures to the medium. Regarding the release
mechanism, 7 values of 0.73-0.80 were found for NCs, which
suggests that drug release is driven by anomalous transport, where
the drug diffuses from the oil to the particle/water interface,
followed by the polymer chain relaxation. These results are in
accordance with the characteristic of the polymers used in the NC
preparation, because both EC and ERS are water-insoluble
polymers used to promote sustained-release profiles (13,15,29,46).

Considering the promising results showed by the devel-
oped NCs, their cytotoxicity was tested against a human
US7MG glioma cell line to evaluate the biological perfor-
mance of formulations. This study demonstrated interesting
results even with lowest concentrations because the DIM-
loaded NCs caused a significant increase in the cytotoxicity in
comparison with free DIM. Observing the highest concentra-
tion, both compound forms as well as the blank formulation
reduced the US7MG cell viability. Such results could be
explained by the DIM slow and incomplete release from the
nanocapsules within the incubation time (72 h), whereas the
solubilized DIM could be more available to interact with the
cells, as shown in previous studies (47-50). In addition, the
cytotoxicity observed for blank nanocapsules can be possibly
explained by two reasons: (i) the presence of polysorbate in
the constitution of the formulation. This component may
disrupt the cell membranes and increase cell permeability; (ii)
the nanoparticles can adhere to the cell membrane causing
the release of cytotoxic products or uptake triggering cell
death (51-54). In comparison with the blank nanocapsules,
the improvement of the cytotoxic effect by the DIM
nanoencapsulation could be evidenced in the highest concen-
tration (24 png/mL). At this concentration, the formulation
NC-PEC-D was remarkably more cytotoxic than NC-PEC-B,
highlighting the role of DIM and reinforcing the positive
impact of its nanoencapsulation in biological properties of
DIM.

The DIM antitumor property was previously reported,
but its physicochemical restrictions could represent a
limitation to further studies aiming at its therapeutic
application (5-7). It is important to highlight that the DIM
nanoencapsulation enhanced the antiglioma effect because
in concentrations where the free compound had no action,
the NC-PEC-D caused a reduction in US7MG cells viability.
These results are in accordance with other authors that
reported an improvement of in vitro and in vivo biological
effects by associating active substances in nanocarrier
systems (14,30-32,55).

Taking into account the above-mentioned results, to-
gether with the other in vitro experiments (determination of
DPPH and ABTS scavenging capacity), the present study
clearly showed the advantages of the DIM-loaded NCs,
especially NC-PEC-D. The superior photostability, antioxi-
dant effect, and controlled drug release presented by the
developed NCs reinforce the positive impact of DIM
nanoencapsulation in enhancing its biological properties.
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CONCLUSION

In conclusion, this study showed the feasibility of preparing
DIM-loaded NCs based on two different vegetable oils and
polymers. All formulations presented adequate physicochemical
characteristics and were able to enhance DIM photostability and
radical scavenger property. The NC suspension composed by PO
and EC seemed to be the most promising system because it
provided a prolonged DIM release as well as increased its
cytotoxic effect. Overall, the nanoencapsulation promoted a
general improvement in the physicochemical characteristics and
biological properties of DIM, indicating that such approach is an
interesting alternative for future studies regarding the manage-
ment of different pathological conditions.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.
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