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A B S T R A C T

Background: Gliomas are the most aggressive malignant tumors of the central nervous system. The diphenyl
diselenide [(PhSe)2] is an organoselenium compound that has multiple pharmacological properties. Previous
reports showed that (PhSe)2 nanoencapsulation potentiates its in vitro antitumoral action and reduces its toxicity.
Objective: In this sense, the current study was designed to further evaluate the (PhSe)2 antitumoral effect by a set
of in vitro techniques using a glioma cell line as well as by an animal model of gliobastoma.
Methods: For the in vitro tests, the cell viability, propidium iodide uptake and nitrite levels of rat glioma C6 cells
were determined after incubation with free (PhSe)2 or (PhSe)2-loaded nanocapsules (NC). The glioblastoma
model was induced by implantation of C6 glioma cells in the right striatum of rats. Following, animals were
submitted to a repeated intragastric administration treatment with (PhSe)2 or NC (PhSe)2 (1mg/kg/day for 15
days) to assess the possible antitumor effect.
Main findings: Both compound forms decreased the C6 glioma cells viability without causing any effect in as-
trocytes cells (healthy control). Importantly, the NC (PhSe)2 had superior cytotoxic effect than its free form and
increased the nitrite content. Independent of the (PhSe)2 forms, the intragastric treatment reduced brain tumor
size and caused neither alteration in the plasma renal and hepatic markers of function nor in the parameters of
oxidative balance in brain, liver and kidneys.
Principal conclusions: The (PhSe)2 nanoencapsulation improved its cytotoxic effect against C6 glioma cells and
both compound forms attenuated the tumor development.

1. Introduction

Gliomas are a group of aggressive and greatly invasive central
nervous system tumors that have high mortality and morbidity rates
[1,2]. Among them, the glioblastoma is the ultimate grade of malig-
nancy, in which the median overall survival of patients does not exceed
a year after the diagnosis [2,3]. The current available therapy includes

a combination of neurosurgical resection, radiotherapy and che-
motherapy. However, surgery is not frequently indicated because of
high recurrence rate of the tumor, elevate proliferative potential, and a
specific infiltrative growth pattern. Besides, the main reason that lead
to chemotherapy failure is associated with the difficulty of drugs pas-
sing through the blood–brain barrier, which restricts the access of drugs
to the central nervous system and induces therapy failure [2,4]. Thus,
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the development of novel and improved pharmacological approaches
for glioma treatment is an urgent need.

The diphenyl diselenide [(PhSe)2] is a synthetic organoselenium
compound that has multiple pharmacological properties [5]. Of parti-
cular importance, the antitumor action of (PhSe)2 was already de-
monstrated against human neuroblastoma [6], human colon adeno-
carcinoma [7] and human melanoma cells lines by in vitro assessments
[8] as well as in a preclinical model of mammary cancer in rats [9].
Converging lines of evidence suggest that the molecular mechanisms of
(PhSe)2 antitumoral action could be attributed to the modification of
anti-apoptotic and pro-apoptotic proteins content and the expression of
p53 gene, which regulates the cells growth cycle rate [7,10]. In this
context, Melo and co-workers demonstrated that the MCF-7 cells
treatment with (PhSe)2 mitigated the tamoxifen-induced DNA damage
without modifying the antitumor effect. The compound incubation did
not abolish the selective toxicity of tamoxifen against the MCF-7 cells
even avoiding the DNA damage [11]. This evidence reinforces the
promising potential of the compound regarding cancers treatment, even
as first line and/or adjuvant therapy, or as a protector of cells against
secondary damage caused by chemotherapy drugs.

Despite the pharmacological properties of (PhSe)2, some toxic issues
limit its therapeutic uses, such as the inhibition of enzymes (δ-amino-
levulinate acid dehydratase (δ-ALA-D)) [12] and oxidation of biomo-
lecules [13]. In addition, (PhSe)2 is a poorly water-soluble compound
[14], which leads to low oral bioavailability [15] and hinders its ad-
ministration by other routes, such as the parenteral one. In the context,
the (PhSe)2 incorporation into polymeric nanocapsules arises as an al-
ternative to optimize its toxicological and physicochemical limitations
as well as maximize pharmacological actions [16,17].

The nanostructured systems have been extensively studied because
of the many advantages provided by encapsulating drugs, for instance:
i) sustained and site-specific drug delivery [18], ii) stability improve-
ment [19] and iii) toxicity reduction of drugs [18,20] as well as iv) an
enhancement in their pharmacological effects [21–23,24]. Despite the
great number of scientific reports concerning nanocarriers development
focused on cancer management, there are few FDA approved nano-
medicines. The main examples are Abraxane (breast cancer), Doxil
(ovarian cancer), Oncaspar (acute lymphoblastic leukemia), Dau-
noXome (Kaposis’s sarcoma) and Emend for the chemotherapy-induced
nausea. The improvement in the therapeutic effectiveness of such drugs
in cancer management could be mainly attributed to site-specific drug
release and side effects reduction [25–27].

Some studies regarding (PhSe)2 incorporation into polymeric na-
nocapsules demonstrated that this association expanded its biological
distribution [16] and antioxidant action without causing toxic effects
[17]. Recently, our research group developed a formulation of (PhSe)2-
loaded nanocapsules that showed many advantages in comparison to
the free compound. Despite the adequate physicochemical character-
istics, the nanoencapsulation provided superior storage stability and
photostability as well as selectively reduced the viability of A375
melanoma cells, without causing toxicity to healthy keratinocyte cells
[8]. Furthermore, the zebrafish exposure to (PhSe)2-loaded nano-
capsules elicited neither locomotor impairments nor modified the oxi-
dative status of zebrafish brain, suggesting that the compound na-
noencapsulation reduced its apparent toxicity [28].

Thus, considering the potential of (PhSe)2-loaded nanocapsules for
cancer treatment, the purpose of this study was to investigate the an-
titumor effect of free and nanoencapsulated (PhSe)2 against the glio-
blastoma. For this, in vitro and in vivo sets of experiments were carried
out to demonstrate the possible efficacy of the formulation against C6
rat glioma cells and in an animal model of glioblastoma. Besides, an in
vivo toxicological study was also performed.

2. Materials and methods

2.1. Drugs, reagents and materials

The (PhSe)2 was obtained following a previously described method
of Paulmier [29]. Chemical purity of the compound (99.9%) was as-
sessed by gas chromatography-mass spectrometry and high-perfor-
mance liquid chromatography (Shimadzu QP2010PLUS GC/MS). The
1H and 13C nuclear magnetic resonance spectra were obtained at
400MHz (Bruker AvanceTM III HD) and showed analytical and spec-
troscopic data in full agreement with the assigned structure.

Poly(Ɛ-caprolactone) (PCL) (MW: 80 KDa) and Span 80® (sorbitan
monooleate) were acquired from Sigma Aldrich (Brazil). Tween 80®

(polysorbate 80) and MCT (medium chain triglycerides) were furnished
by Delaware (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). The 3(4–5-
dimethyl)-2-5diphenyl tetrazolium bromide (MTT) was acquired from
Thermofisher. The glioma cell line C6 was purchased from American
Type Culture Collection (USA). All other chemicals and solvents were
obtained from standard commercial suppliers with analytical grade
standard and were used as received.

2.2. Nanocapsules suspensions

Nanocapsules suspension containing (PhSe)2 were prepared and
characterized (average diameter, polydispersity index, zeta potential,
pH, (PhSe)2 content and encapsulation efficiency) as described in our
previous study [8]. Briefly, an organic phase containing PCL (0.1 g),
Span 80® (0.077 g), MCT (330 μL), acetone (27mL), and (PhSe)2
(0.05 g) was magnetically stirred at 40 °C for 60min and then injected
into a Tween 80® aqueous dispersion (0.077 g; 53 mL). The mixture was
magnetically stirred for 10min longer at room temperature and then
solvent was eliminated by evaporation under reduced pressure until a
10mL of final volume, which corresponds to a (PhSe)2 concentration of
5.0 mg/mL (NC (PhSe)2). For comparison purposes, formulations
without (PhSe)2 were also prepared (NC B).

2.3. In vitro assays

2.3.1. Glioma cultures
The C6 cells were cultured in DMEM containing 0.1% Fungizone

and 100 U/L penicillin/streptomycin and supplemented with 5% FBS
(v/v). After the cultures reached confluency, the cells were released by
trypsinization and seeded in 96 well plates, which were maintained at
37 °C in a humidified atmosphere of 5% CO2 for 24 h. The plates con-
taining C6 cells were incubated with NC (PhSe)2 or free (PhSe)2 at the
concentrations 1, 2.5, 5, 10, 25, 50, 100 and 200 μM for 48 h. These
concentrations were selected based on our previous study concerning
the cytotoxic effect of (PhSe)2 [8]. To achieve such concentrations, 10-
fold serial dilutions were made using DMEM culture medium from the
(PhSe)2 nanocapsules suspension or the stock solution of free (PhSe)2,
which was dissolved in DMSO (10%). For comparison purposes, plates
incubated with DMSO (10%) or NC B were simultaneously performed.
All observations were validated by at least three independent experi-
ments and for each experiment the analyses were conducted in tripli-
cate.

2.3.2. Primary astrocyte cultures
Primary astrocyte cultures were prepared as described by da Silveira

and coworkers [26]. Briefly, brain cortex samples of newborn Wistar
rats (1–2 days old; Ethical committee protocol number 23110009402/
2016-01) were obtained, removed and mechanically homogenized in a
Ca þ 2 and Mg þ 2 free balanced salt solution pH 7.4, (137mM NaCl,
5.36mM KCl, 0.27mM Na2HPO4, 1.1mM KH2PO4 and 6.1mM glu-
cose). After centrifugation (5min/1000 xg), the pellet was suspended in
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DMEM supplemented with 10% FBS. The cells (5× 104) were plated in
poly-L-lysine-coated 96-well plates and 4 h later they were shaken,
washed with PBS, and the medium was changed to remove neuron and
microglia contaminants. Over a period of 20–25 days, the cultures grew
until achieve confluence and the medium was replaced every four days.
The plates containing astrocytes cells were incubated with NC (PhSe)2
or free (PhSe)2 at a concentration range 10, 25, 50 and 100 μM for 48 h.
Cells treated with DMSO (10%) or NC B were used for comparison
purposes as described in section 2.3.1.

2.3.3. MTT assay
The MTT reduction assay was performed to determine the C6 and

astrocytes viability. The test was carried out according to our previous
study [8]. After the aforementioned incubations, the plates were wa-
shed twice with sodium phosphate buffer and the yellow tetrazolium
salt MTT solution (1mg/mL) was added to the plates. Following, the
plates were incubated at 37 °C for 3 h, under light protection until the
formation of violet formazan crystals. Later, the solution was then re-
moved and an aliquot of DMSO was added to each well. The optical
density was measured at 492 nm and the results were expressed as cell
viability (%) in comparison to the DMEM culture medium, which was
used as the negative cell death control.

2.3.4. Nitrite content determination
The Griess reaction was used to estimate the nitrite (NO2

−) levels in
the culture medium [30] after C6 incubation with (PhSe)2, free and
nanoencapsulated. Briefly, culture supernatant was mixed with sulfa-
nilamide in 5% phosphoric acid, followed by an incubation at room
temperature during 10min. Then, n-1l-napthylethylenediamine (NED)
0.1% was added to the samples and incubated protected from light for
10min longer. The absorbance was determined in a spectrophotometer
at 540 nm. The amount of nitrite in the supernatant was estimated using
a sodium nitrate standard curve. Results were expressed as μM of NO2

−.

2.3.5. Propidium iodide assay
Cell damage in C6 cells was assessed by fluorescent imaging of

propidium iodide (PI) uptake. After the incubations, cells were washed
with calcium - magnesium free (CMF) and incubated with a PI solution
(7.5 μM) for 1 h. PI fluorescence was excited at 515-560 nm using an
inverted microscope (Olympus IX71, Japan) equipped with a standard
rhodamine filter. The images were captured using a digital camera
connected to the microscope and the PI positive cells were counted. The
results were expressed as the quantity of positive PI cells per field.

2.4. Animals

The in vivo experiments were carried out using male adult Wistar
rats (250–350 g), which were maintained in an appropriated accom-
modation room under the following conditions: controlled temperature
(25 ± 2 °C) and relative humidity (60%), suitable brightness, sound-
proofing, under a 12:12 h light/dark cycle (7 AM to 7 PM) and with free
access to water and food (GUABI, Brazil). The experimental procedures
were approved by the Ethical Research Committee of Federal University
of Santa Maria (toxicological evaluations - protocol number
2171170217/2017) and Ethical Research Committee of the Federal
University of Pelotas (animal model of glioma - protocol number:
23110009402/2016-01) affiliated to the Council for Control of Animal
Experiments (CONCEA) and in accordance with the NIH Guide for the
Care and Use of Laboratory Animals.

2.5. In vivo toxicity

2.5.1. General procedures and treatments
The animals were randomly distributed in four groups (n=5–6

animals/group) and received the treatment by intragastric route (i.g;
1 mL/Kg of body weight), once a day, for 15 days (Fig. 1A). The

experimental groups were the following:
I) Control - the animals received MCT (1mL/Kg, i.g.);
II) NC B - the animals received NC B suspension (1mL/Kg, i.g.);
III) (PhSe)2 - the animals received (PhSe)2 at 5mg/Kg (1mL/Kg,

i.g.);
IV) NC (PhSe)2 - the animals received NC (PhSe)2 at 5mg/Kg

(1mL/kg, i.g.).
The free compound was dissolved in MCT (5mg/mL) and the for-

mulations (NC (PhSe)2 and NC B) were prepared as described in section
2.3. To rationally select a compound dose that would be used in the in
vivo experiments we performed a detailed evaluation of the scientific
literature concerning the (PhSe)2 pharmacological and toxicological
properties [5,13]. Based on such survey, we selected a (PhSe) dosage
that elicited other important pharmacological actions (5 mg/Kg), such
as antinociceptive, antioxidant and anti-inflammatory [13]. The ani-
mals were periodically monitored every 24 h to record mortality, be-
havioral pattern changes, ptosis, tremors, diarrhea, salivation, piloer-
ection, tremors, locomotor alterations or seizures. Furthermore, before
receiving the treatment, the body weight gain and food consumption
were daily recorded as well.

2.5.2. Toxicological parameters
Twenty-four hours after the last treatment, the animals were slightly

anesthetized prior to blood collection by heart puncture. In sequence,
blood samples were centrifuged at 2500 xg during 10min to obtain the
plasma fraction, which were used for determining biochemical markers
of hepatic and renal function. After this procedure, rats were sacrificed
and samples of brain, liver and kidneys were collected and in situ
macroscopically observed based on their position, color, shape, size and
consistency. Following, the samples were accurately weighed, frozen
and stored at -80 °C until the biochemical analysis.

2.5.2.1. Plasma biochemical parameters. The plasma samples were used
to estimate hepatic and renal functionality using commercial kits
(Labtest, Brazil). The total bilirubin levels, alanine (ALT) and
aspartate aminotransferase (AST) activities were measured to
evaluate hepatic function while urea and creatinine levels were used
to assess renal function.

2.5.2.2. Tissue preparation and biochemical assays. The tissue samples
were homogenized in 50mM Tris HCl at pH 7.4, 1:5 (brain) or 1:10
(liver and kidneys) (w/v), and then centrifuged at 2500 xg during
10min at 4 °C to yield a low-speed supernatant fraction (S1). Freshly
prepared S1 was used to estimate some parameters of oxidative status. A
different protocol of homogenization was conducted to estimate the
protein carbonylation level, in which no centrifugation was performed
(Section 2.5.2.2.2). Protein concentration was measured by the
Bradford methodology [31], using bovine serum albumin (1mg/mL)
as the analytical standard.

2.5.2.2.1. Non-protein thiol levels. To determine the non-protein
thiol (NPSH), an aliquot of S1 was mixed with 10% trichloroacetic
acid solution (1:1, v/v) and the clear supernatant (S2) was obtained
through centrifugation. The S2 contains the free thiol groups, which
reacts with 5,5- dithiobis (2-nitrobenzoic acid) (DTNB) generating a
yellow complex measured at 412 nm [32]. The results were expressed
as nmol NPSH/g tissue.

2.5.2.2.2. Protein carbonylation. Briefly, homogenates were diluted
1:8 (v/v) and an aliquot was added to the reaction mixture containing
10mM DNPH (prepared in 2M HCl). The samples were protected from
light and shaken with a vortex mixer each 15min over 1 h. Following,
denaturation buffer, ethanol and hexane were added to each tube. The
tubes were shaken with a vortex mixer for 40 s and centrifuged
(15min). The supernatants were discarded and the pellets were
washed twice with ethanol:ethyl acetate (1:1, v/v) and resuspended
in a denaturation buffer. The sample tubes were shaken with a vortex
mixer for 5min. These samples were used to measure absorbance at
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370 nm [33]. The results were reported as carbonyl content (nmol/mg
protein).

2.5.2.2.3. Delta-aminolevulinic acid dehydratase (δ-ALA-D)
activity. The δ-ALA-D activity was determined according to Sassa
[34]. The samples were incubated at 37 °C in a medium containing
45mM phosphate buffer, pH 6.8 and the enzymatic reaction was
initiated by adding the substrate (5-aminolevulinate) to a 2.2 mM
final concentration. The incubation was stopped by adding
trichloroacetic acid solution (10% TCA) with 10mM HgCl2. The
reaction product, porphobilinogen, was spectrophotometrically
measured at 555 nm with modified Erlich’s reagent. The results were
expressed as nmol of porphobilinogen /h/mg protein.

2.5.2.2.4. Superoxide dismutase (SOD) activity. SOD activity was
determined as described by Misra and Fridovich [35]. Prior diluted
aliquots of S1 (1:10 v/v) were added in a Na2CO3 buffer 50mM pH 10.3
and the enzymatic reaction was initiated by adding epinephrine. The
color reaction was measured at 480 nm and the enzyme activity was
expressed as U (1U decomposes 1 μmol of H2O2/min at pH 7 and at
25 °C)/mg protein.

2.5.2.2.5. Glutathione-S-Transferase (GST) activity. The assay to
determine the GST activity was performed based on Habig and
coworkers [36]. The reaction mixture contained an aliquot of S1,
0.1 M potassium phosphate buffer pH 7.4, 100mM GSH and as
substrate 100mM 1-chloro-2,4 dinitrobenzene (CDNB) were used.
The reaction product was spectrophotometrically detected at 340 nm
and the results were expressed as CDNB conjugated nmol/minute/mg
protein.

2.5.2.2.6. Catalase (CAT) activity. The CAT activity was carried out
by monitoring the H2O2 consumption at 240 nm. The enzymatic
reaction was performed by adding an aliquot of S1 and the substrate
(H2O2) at a concentration of 0.3 mM in a medium containing 50mM
phosphate buffer, pH 7.0. The enzymatic activity was expressed in units
(1U decomposes 1 μmol of H2O2/min at pH 7 and at 25 °C)/mg protein
[37].

2.5.2.2.7. Reactive species (RS) production. The substrate 2′-7′-
dichlorofluorescein diacetate (DCFH-DA) was applied to measure the
intracellular formation of ROS, according to Myhre and co-workers
[38]. An aliquot of S1 was mixed with DCFH-DA (1mM) and Tris−HCl
buffer (10mM; pH 7.4) and then incubated for 60min protected from
light. The fluorescence was measured using a fluorimeter (488 nm for
excitation and 525 nm for emission) and ROS levels were expressed as
nmol of DCF/ mg protein.

2.6. Preclinical model of glioblastoma

2.6.1. Glioma implantation
The rats were anesthetized with ketamine and xylazine injected by

the intraperitoneal route. Then, a total of 1× 106 C6 cells were dis-
persed in DMEM and an aliquot (3 μL) was injected in the right striatum
at a depth of 6.0mm (coordinates regarding bregma: 0.5 mm posterior
and 3.0mm lateral) of animals [26]. The C6 glioma cells were cultured
as described at Section 2.3.1. Immediately after surgery, the animals
were kept in a warm room until full recovery from the anesthesia.

2.6.2. General procedures and treatments
Five days after glioma implantation, the rats were randomly as-

signed to different groups (4–5 animals/group), each one receiving the
following treatments once a day, for 15 days by the intragastric route
(Fig. 1B):

I) Control - the animals received MCT (1mL/Kg, i.g.);
II) NC B - the animals received NC B suspension (1mL/Kg, i.g.);
III) (PhSe)2 - the animals received (PhSe)2 at 1mg/Kg (1mL/Kg,

i.g.);
IV) NC (PhSe)2 - the animals received NC (PhSe)2 at 1mg/Kg

(1mL/Kg, i.g.).
In comparison to the protocol of toxicological evaluation (Section

2.5), a lower (PhSe)2 dose was selected to perform the treatment of the
animals in the glioblastoma model [5,13]. The tumor implantation can
induce an intense systemic inflammatory process, which could modify
the immune system and the metabolic processes of the animals. Thus,
based on the results obtained in the toxicological evaluation and our
pilot experiments, the dose of 1mg/Kg was selected to evaluate the
antitumor effect in the in vivo model. The free compound form was
dissolved in MCT (1mg/mL). The NC (PhSe)2 and NC B were prepared
as described in Section 2.3 and diluted with sterile water to achieve the
desired concentration (1mg/mL). After 20 days after glioma im-
plantation (5 days after glioma implantation + 15 days of treatment),
the rats were euthanized and the entire brain was removed, sectioned
and fixed with 10% paraformaldehyde (pH 7.4) to further evaluation.

2.6.3. Tumor size quantification
Tumor size was analyzed using captured images with Image Tool

Software. The total volume (mm3) of the tumor was computed by
summing the segmented areas and by multiplication of the slice re-
solution. At least five sections (2–3 μm thick, paraffin embedded and
stained with Hematoxylin & Eosin) from each animal of NC B and NC
(PhSe)2 groups were analyzed by a pathologist that was blinded

Fig. 1. Schematic representation of the ex-
perimental design performed to evaluate toxi-
city (A) and antiglioma effect (B). The animals
received during fifteen days a daily adminis-
tration of (PhSe)2, free or incorporated into
NCs suspension, and the vehicles, MCT or NC
B. For notes, i.g means intragastric route;
(PhSe)2 means free diphenyl diselenide; NC
(PhSe)2 means nanocapsules containing di-
phenyl diselenide; NC B means nanocapsules
without (PhSe)2; and MCT means medium
chain triglycerides.
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concerning the treatments.

2.7. Statistical analysis

All experimental results are presented as mean (s)± standard error
of the n observation means (S.E.M.). Data normality was assessed using
D’Agostino and Person omnibus normality test. The GraphPad Prism®

version 6 software was used to calculate IC50 values (linear regression)
and the statistical evaluation, which was performed by Student’s t test
and one-way analyses of variance (ANOVA) followed by post-hoc
Tukey’s test. Values of p< 0.05 were considered statistically sig-
nificant.

3. Results

3.1. In vitro assays

3.1.1. Evaluation of C6 cells viability
The (PhSe)2 in vitro antiglioma effect was investigated employing

MTT test (Fig. 2A). The free (PhSe)2 significantly reduced the C6 via-
bility at the concentration range 25–200 μM (73.30, 58.12, 40.27 and
38.27%, respectively) while NC (PhSe)2 was effective in reducing cell
viability at lower concentrations than free (PhSe)2 (10 μM to 200 μM;
63.23, 53.69, 37.72, 34.66 and 25.60%, respectively). The statistical
evaluation revealed significant difference between (PhSe)2 free and
nanoencapsulated, indicating that NC (PhSe)2 had a superior effect
against C6 cell line. Reinforcing these results, the free (PhSe)2 presented
an IC50 value of 74.83 μM, while NC (PhSe)2 was 43.40 μM. The NC B
had no antitumor effect independent of the concentration tested.

3.1.2. Evaluation of astrocyte cells viability
The astrocytes cells were used as non-transformed cell model to

assess the formulations safety and selectivity (10–100 μM; Fig. 2B).
After 48 h of incubation, no significant differences in the cell viability
were observed among the experimental groups. All samples and con-
centrations tested did not significantly modify the cell viability
(p > 0.05).

3.1.3. Nitrite content determination in C6 cells
Concerning to the nitrite levels determination, our data demon-

strated that the incubation with NC (PhSe)2 and NC B (50, 100 and 200
μM) significantly increased the nitrite content (Fig. 3). Interestingly,
free (PhSe)2 did not modify the nitrite content.

3.1.4. Propidium incorporation in C6 cells
The possible occurrence of necrosis induced by the treatment was

evaluated using the PI incorporation in C6 cells. Corroborating with the
MTT assay, the incubation of C6 cells with free (PhSe)2 and NC (PhSe)2
at 100 μM caused cell morphological alterations and density reduction
(Fig. 4A). No modifications were observed in C6 cells incubated with
NC B. In addition, the number of positive PI cells was higher in the cells
incubated with NC (PhSe)2 (10.5 ± 1.4 positive cells). The statistical
evaluation revealed that there is a significant difference of NC (PhSe)2
group in comparison to the other groups (p < 0.05) (Fig. 4B).

3.2. In vivo toxicological evaluation

Independent of the treatment, the repeated administration schedule
triggered no clinical abnormality signs or death to the animals over the
experimental protocol. Neither the relative body weight gain (Fig. 5A)
nor the total food consumption (Fig. 5B) showed statistical difference
among the groups that received the (PhSe)2, free or nanoencapsulated,
and MCT oil. On the other hand, the animals treated with NC B had an
increase in food consumption and consequently presented an augmen-
tation in the relative body weight over the days. The samples of brain,
liver and kidneys of the treated animals presented similar morphology,
color, shape, size and consistency (Data not shown).

Table 1 demonstrates the results of plasma biochemical parameters.
No statistical difference was detected neither to AST and ALT activities
nor to total bilirubin, creatinine and urea levels (p > 0.05 by One-way
ANOVA). In addition, the repeated treatment schedule did not modify
the levels of NPSH, ROS, and carbonyl protein as well as δ- ALA-D, SOD,
GST, and CAT activities (p > 0.05 by One-way ANOVA; Fig. 6).

3.3. Antiglioma action in a preclinical model

The effectiveness of the treatments was evaluated by the analysis of
tumor size (Fig. 7A). The implanted tumors had glioblastoma char-
acteristics and (PhSe)2, free or nanoencapsulated, were effective in
reducing tumor progression. The One-Way ANOVA analysis showed a
significant reduction in tumor size in the groups treated with (PhSe)2,
free (13.94 ± 3.05mm3) or nanoencapsulated (15.49 ± 5.32 mm3),
in comparison to the group treated with MCT oil (176.60 ± 22.91
mm3) (p < 0.0001) or NC B (112.20± 19.93 mm3) (p < 0.005). Re-
inforcing these data, Fig. 7B displays the representative brain images of
the animals treated with NC B or NC (PhSe)2. The administration of NC
(PhSe)2 mitigated the tumor development in comparison to NC B. The
histopathological evaluation demonstrated that at the site of glioma

Fig. 2. Cytotoxic effect of NC (PhSe)2 and free (PhSe)2 against glioma cell line (C6) (A) and in primary astrocyte cells (B) after 48 h of incubation assessed by MTT
assay. Each column represents the mean ± S.E.M. of triplicate. Asterisks denote significant differences (**** p < 0.0001) in comparison to the negative control
group and sharps (# p < 0.05) denote significant differences among the concentrations of the same group, by one-way ANOVA, followed by Tukey’s post hoc test.
Arroba symbol (@ p < 0.05) denotes significant differences between the same concentrations of free (PhSe)2 and NC (PhSe)2 by Unpaired Student’s t test.
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cells implantation it was observed characteristics of a residual tumor,
with a reduction in coagulative necrosis, intratumoral hemorrhage,
lymphocytic infiltration, peritumoral edema, and microvascular pro-
liferation in the group of animals treated with NC (PhSe)2.

4. Discussion

Despite the (PhSe)2 pharmacological potentialities, its clinical use
remains a challenge due to its physicochemical and toxic issues [12,15].
In this sense, the (PhSe)2 incorporation into nanocapsules emerges as an

Fig. 3. Nitrite (NO2
−) levels in C6 cell cultures. Each column

represents the mean ± S.E.M. of triplicate. Asterisks denote
significant differences (* p < 0.005 and **** p < 0.0001) in
comparison to the negative control group and sharps (#

p < 0.05 and # # # # p < 0.0001) denote the differences
among the concentrations in the same group, by one-way
ANOVA, followed by Tukey’s post hoc test. Arroba symbol (@

p < 0.05 and @ @ @ @ p < 0.0001) denotes significant dif-
ferences between the same concentrations of NC (PhSe)2 and
(PhSe)2 while cipher ($ p < 0.05, $ $ p < 0.01, and $ $ $ $

p < 0.0001) means significant differences between the same
concentrations of NC B and NC (PhSe)2 by Unpaired Student’s
t test.

Fig. 4. Propidium iodide (PI) incorporation in C6 cell following 48 h of incubation with (PhSe)2, free or nanoencapsulated: A) microscopic images and B) number of
PI positive cells. Asterisks denote significant differences (***p < 0.001) in comparison to the other groups, by one-way ANOVA, followed by Tukey’s post hoc test.
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advantageous alternative to improve its therapeutic index and optimize
the treatment regimen by expanding the array of possible administra-
tion routes. The results obtained in the current study demonstrated the
effectiveness of (PhSe)2, free and nanoencapsulated, against glio-
blastoma multiforme using in vitro and in vivo protocols. In addition, the
repeated administration showed neither unspecific toxic effects nor
oxidative balance impairment, suggesting the safeness of the treatment.

According to World Health Organization (WHO), gliomas are clas-
sified in astrocytic tumors grade II and III, oligodendrogliomas grade II
and III and glioblastomas as grade IV, which are the most aggressive
kind [39]. Despite the multimodality approach to glioma treatment, the
patients had a survival rate between 3 and 16 months [40]. In this
scenario, the nanocarrier systems can be a promising alternative re-
garding innovative and improved therapies for glioma treatment
[4,26,41,42]. The development of nanotechnological-based therapies to
glioblastoma treatment could increase the quantity of drug that reaches
the central nervous system because of the small size of the nano-
particles. Besides, the nanocarriers can promote a controlled release of
the active, which improves its efficacy and reduces the toxic effects in
other organs [42,43].

Initially, the (PhSe)2 antiglioma effect was assessed using a set of in
vitro techniques. The results of MTT assay showed that both compound
forms selectively reduced C6 cell viability without causing any altera-
tion in astrocyte cells viability. Corroborating with this test, the C6 cell
density was also reduced by the treatment with the compound at

100μM concentration. It is important to highlight that the (PhSe)2 na-
noencapsulation enhanced the compound antiglioma effect. At some
concentrations in which the free compound had no action the NC
(PhSe)2 caused a reduction in C6 cells viability, which was further
confirmed by the IC50 values. Indeed, in our previous study, the (PhSe)2
nanoencapsulation selectively reduced the cell viability of a melanoma
cell line (A375), abolishing the cytotoxicity in human keratinocytes [8].
These results are in accordance with other scientific reports that
showed an improvement of in vitro and in vivo biological effects of
compounds by associating them into nanocarrier systems
[19,22,44,45].

Nitric oxide (NO) is an inorganic free radical, which plays an im-
portant and complex role in cancer pathophysiology. It modulates dif-
ferent cellular events dependent on its concentration, such as pro-
liferation, apoptosis, angiogenesis, migration and invasion [46,47]. In
gliomas, the NO produced could increase the tumor endothelium per-
meability, enhancing the delivery of chemotherapeutic drugs [48]. In
this sense, our results demonstrated an increase in NO2

− levels at the
highest concentration tested of NC (PhSe)2 and NC B. Of particular
importance, it was already reported that the antitumor effect of sub-
stances incorporated into nanocapsules composed of PCL and MCT
seems to be associated to an increase in the NO production. Drewes and
co-workers obtained an augmentation in NO2

− levels without causing
toxicity to tumor cells after cells incubation with blank nanocapsules.
However, the high NO2- levels were linked to the acetyleugenol-loaded

Fig. 5. Effect of the repeated treatment in body weight gain (A) and food intake (B) over the experimental protocol. Each column/point represents the
mean ± S.E.M of 5–6 rats/group. The One-way ANOVA followed by Tukey’s post hoc test was used for statistical evaluation. Asterisks denote statistically significant
differences of NC B groups in comparison to the other groups (* p < 0.05); sharps denote statistically differences among the group treated with NC B in comparison
to the other groups (# # # # p < 0.0001).

Table 1
Biochemical plasma analyses of animals submitted to the repeated treatment with (PhSe)2 (5 mg/kg, i.g.), free or NC.

Biochemical parameters

Parameter MCT (PhSe)2 NC (PhSe)2 NC B

AST (U/L) 105.30 ± 21.27 99.43 ± 22.74 98.00 ± 17.40 102.9 ± 27.45
ALT (U/L) 94.00 ± 39.22 108.0 ± 46.43 107.6 ± 39.02 145.5 ± 33.67
Total Bilirubin (mg/dL) 0.420 ± 0.220 0.400 ± 0.220 0.480 ± 0.150 0.270 ± 0.050
Creatinine (mg/dL) 0.620 ± 0.300 0.570 ± 0.190 0.520 ± 0.120 0.550 ± 0.110
Urea (mg/dL) 81.13 ± 20.11 96.92 ± 40.13 93.81 ± 29.31 85.57 ± 34.27

Values are expressed as mean ± S.E.M of 5–6 animals/group to each parameter. Data were evaluated through ordinary One-way ANOVA (p> 0.05). Abbreviations:
AST-aspartate aminotransferase; ALT - alanine aminotransferase; MCT - medium chain triglycerides.
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lipid core nanocapsules antitumor effect, suggesting that this cellular
mediator has an important contribution to the final pharmacological
effect [49].

In addition, other mechanisms could be associated with the anti-
glioma effect, such as the apoptosis and necrosis pathways. In this
study, the PI incorporation assay was used to further investigate the
mechanisms through (PhSe)2 exerts its cytotoxicity. The late apoptotic
stage and necrotic cells can be identified by the PI incorporation, be-
cause of their membrane loss the integrity, thus PI can be uptaked and
bind to nuclear DNA, staining the cells [50,51]. In our study, few cells
incorporated the PI, suggesting that necrosis is poorly involved in the
antiglioma effect of (PhSe)2 and other cell death pathways may mediate
such effect. In fact, converging lines of evidence showed that (PhSe)2
promotes its antitumor effect by distinct molecular pathways, such as
the modulation of p53 gene expression, regulation of oxidative balance
and modification in the ratio of pro-apoptotic and anti-apoptotic pro-
teins [6,7,10,11]. Thus, it is possible to suggest that multiple targets are
implicated in the (PhSe)2 antitumoral effect. According to the litera-
ture, compounds with antiproliferative effects in tumor cells without
promoting a necrotic cell death are considered good candidate as an-
ticancer drugs [52].

Despite the attractive properties of nanosystems, there are some
concerns about the biological safety of these formulations/materials.
Thus, estimating the possible biological interactions among the

nanocapsule with the body and the potential inherent risks of these
carriers are critical issues [53]. Besides, depending on the vehicle and
administration route, the (PhSe)2 can trigger toxicological impairments
[54]. The study of in vivo toxicity demonstrated that independent of
(PhSe)2 form, the repeated administration schedule did not trigger
mortality or systemic toxicity. The evaluation of oxidative status of
different tissues (brain, liver and kidneys) showed no alterations as well
as the plasma markers of hepatic and renal function, which was also
reported to nanocapsules containing p,p’- methoxyl-diphenyl dis-
elenide, an organoselenium compound counterpart of (PhSe)2 [55].
Corroborating these results, we recently demonstrated that the na-
noencapsulation reduced the apparent (PhSe)2 toxicity and potentiates
the compound anxiolytic action in zebrafish [28], broadening the per-
spective of its therapeutic application.

The literature reports several studies about the (PhSe)2 in vivo
pharmacological actions, including the anticancer effect [5]. However,
this is the first study that evaluated the (PhSe)2 effectiveness in a pre-
clinical model of glioblastoma. The results showed that both (PhSe)2
forms effectively mitigated the tumor growth, reducing the final vo-
lume to around 15mm3. Besides, the animals treated with NC (PhSe)2
has residual glioma cells implantation. The most common chemother-
apeutic drugs used to treat gliomas are carmustine, PCV (procarbazine,
lomustine, and vincristine) and the first-line temozolomide [56]. In a
study using the same preclinical glioma model, the temozolomide

Fig. 6. Effect of the repeated treatment with (PhSe)2 (5 mg/kg, i.g.), free or incorporated into the NC, in the NPSH (A), Carbonyl protein (B) and ROS (C) levels and δ-
ALA-D (D), SOD (E) and GST (F) and CAT (G) activity in different tissues. Each column represents the mean ± S.E.M of 5–6 rats/group. Data were analyzed by One-
way ANOVA (p> 0.05).
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administration reduced the tumor size to 35 – 30mm3 [57]. In this
sense, it is possible to suggest that (PhSe)2 has a high efficacy regarding
glioma management, however, complementary analyses must be car-
ried out to reinforce such hypothesis. Lastly, it is important to highlight
that the nanoencapsulation maintained the antitumor effect of (PhSe)2
without causing any toxicity. Although the pharmacological perfor-
mance was similar to the free compound, the nanocapsules suspension
is a suitable pharmaceutical formulation. Differently from the (PhSe)2
oily solution, the nanoencapsulation of the compound enables its ad-
ministration by different routes, including the oral and parenteral ones,
broadening the perspective of its therapeutic application. Finally, it is
important to highlight that the selenium-containing organic molecules
do not release the selenium atom even after its biotransformation be-
cause of the highly stable covalent bound of the carbon atoms. In the
biological systems, the organoselenium compounds act as drugs and
probably exert their effects through interactions with the organism and
do not serve as a selenium microelement source/supplementation.

5. Conclusion

This study reported the (PhSe)2 effectiveness against glioma tumor
using in vitro techniques and a preclinical glioblastoma model. The

(PhSe)2 nanoencapsulation increased its in vitro antitumor effect, which
seems to be mediated at least in part by NO pathways without in-
volvement of necrosis mechanisms. Furthermore, the repeated admin-
istration of both (PhSe)2 forms mitigated the glioblastoma growth, but
future studies are needed to better elucidate the mechanism associated
to the antiglioma effect of the compound. Collectively, the (PhSe)2-
loaded polymeric nanocapsules arise as a promising candidate to future
studies aiming at developing improved treatment to glioma.
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