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Abstract: Antitumor activities have been described in selol, a hydrophobic mixture of molecules 

containing selenium in their structure, and also in maghemite magnetic nanoparticles (MNPs). 

Both selol and MNPs were co-encapsulated within poly(lactic-co-glycolic acid) (PLGA) 

nanocapsules for therapeutic purposes. The PLGA-nanocapsules loaded with MNPs and selol 

were labeled MSE-NC and characterized by transmission and scanning electron microscopy, 

electrophoretic mobility, photon correlation spectroscopy, presenting a monodisperse profile, 

and positive charge. The antitumor effect of MSE-NC was evaluated using normal (MCF-10A) 

and neoplastic (4T1 and MCF-7) breast cell lines. Nanocapsules containing only MNPs or selol 

were used as control. MTT assay showed that the cytotoxicity induced by MSE-NC was dose and 

time dependent. Normal cells were less affected than tumor cells. Cell death occurred mainly by 

apoptosis. Further exposure of MSE-NC treated neoplastic breast cells to an alternating magnetic 

field increased the antitumor effect of MSE-NC. It was concluded that selol-loaded magnetic 

PLGA-nanocapsules (MSE-NC) represent an effective magnetic material platform to promote 

magnetohyperthermia and thus a potential system for antitumor therapy.
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Introduction
In the last decade, the development of drug-delivery systems (DDS) has brought 

significant advances in antitumor strategies.1–3 In general, DDS represent an important 

tool to improve the efficacy of drugs by increasing their bioavailability in the targeted 

area, thus enhancing the drug’s solubility while decreasing undesirable side effects.4,5 

A number of nanomaterials, including polymeric nanostructures, magnetic nanoparticles 

(MNPs), liposomes, and dendrimers, are used as DDS.6,7 For instance, biodegradable 

poly(lactic-co-glycolic acid) (PLGA) polymers are successfully used to encapsulate 

many chemotherapeutic drugs,8 such as paclitaxel,9,10 adriamycin,11 and doxorubicin.12 

In particular, MNP based-DDS (MDDS) may achieve special properties. MDDS may be 

site-guided to a specific target tissue by external gradients of magnetic fields,2 and also 

have the potential to carry out hyperthermia,13,14 thus increasing the benefits of DDS.

Hyperthermia performed with MNPs, known as magnetohyperthermia, represents 

a promising approach for cancer treatment.13,14 In this therapy, after binding to cancer 

cells, MNPs can be exposed to an external alternating magnetic field (AMF), which 

promotes a controllable increase in the local temperature.15 Heating up to about 45°C 

induces damage to the cytoskeleton, and also to the cytoplasm and cell organelle 
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membranes, leading to cell death. This effect is observed 

mainly in neoplastic cells, which are less resistant to the 

sudden rise in temperature than normal cells. Moreover, 

magnetohyperthermia can also be used as an adjuvant therapy 

to conventional cancer treatments by improving the efficacy 

of chemotherapy and radiotherapy.2

A PLGA-MDDS formulation co-encapsulating mag-

hemite nanoparticles and selol (MSE-NC) was recently  

developed,16 aiming to provide a new antitumor therapy. 

Selol is a mixture of selenitetriglycerides synthesized from 

sunflower oil, containing selenium (+4) in its structure.17 

The role of selenium as a chemopreventive and chemo-

therapeutic agent has been supported by a large number of 

epidemiological, preclinical, and clinical trials.18  Studies 

suggest that antitumor effect mechanisms of selenium include 

induction of apoptosis, inhibition of cell proliferation, pro-

tection against oxidative stress, and stimulation of immune 

system.19 Indeed, it is suggested that selenium can be used as 

an adjuvant in chemotherapy due to its ability to restore the 

sensitivity of neoplastic cells resistant to chemotherapeutic 

drugs,20 while protecting normal tissues against toxicity 

induced by anticancer drugs.21 However, selol is highly 

hydrophobic, a property that impairs its administration via 

the usual routes. Thus, the entrapment of selol into MDDS 

represents a promising strategy, improving its solubility while 

keeping the antitumor potential. Further, the co-encapsulation 

of selol with MNPs adds the possibility of performing mag-

netohyperthermia of tumor cells.

Bearing in mind that in vitro tests represent a first step 

of biomedical application investigations, this study reports 

on the toxicity of the as-prepared PLGA-nanocapsules 

(MSE-NC) using both normal (MCF-10) and carcinoma 

breast cell cultures (4T1 and MCF-7). To date, the effects 

of selol on normal and breast tumorigenic cells have not 

been reported. As a control, the cytotoxicity of PLGA-

nanocapsules loaded only with selol (SE-NC) and PLGA-

nanocapsules loaded only with MNPs (M-NC) was similarly 

assessed. Subsequently, the efficacy of the as-prepared 

MSE-NC sample to carry out magnetohyperthermia when 

exposed to an external AMF was also evaluated.

Our results show that selol-loaded magnetic nanocapsules 

induced dose and time dependent cytotoxicity. At lower doses, 

MSE-NC leads to a decrease in viability of neoplastic cells while 

not inducing any effect on the normal cell line. Notably, the 

cytotoxic effect was increased by AMF exposure. The findings 

suggest that MSE-NC represent a potential MDDS for breast 

cancer treatment able to carry out the magnetohyperthermia 

technique while potentiating the selol cytotoxic effect.

Materials and methods
Nanocapsules
PLGA-nanocapsules loaded with MNPs and selol (MSE-NC), 

PLGA-nanocapsules loaded with MNPs (M-NC), PLGA-

nanocapsules loaded with selol (SE-NC), as well as the control 

samples, were used in this study. Selol (5% of selenium) was 

provided by the Department of Drug Analysis and by the 

Department of Pharmaceutical Chemistry from the Warsaw 

Medical University (Warsaw, Poland).17 The polymeric nano-

capsules were prepared according to a modified precipitation 

method previously described.16 Briefly, PLGA 50:50 polymer 

(Sigma-Aldrich Co, St Louis, MO), selol 5%, and phosphati-

dylcholine (Gerbras, Anápolis, Brazil) were dissolved in ace-

tone (JT Baker, Phillipsburg, NJ) at 40°C. This organic phase 

was added into an aqueous phase containing the poloxamer 

188 (Sigma-Aldrich Co) and the ionic magnetic fluid sample 

(added into the preparation of magnetic nanocapsules). Organic 

solvent was removed by evaporation under reduced pressure 

at 40°C. Finally, the formulations were concentrated to a final 

volume of 10 mL. The ionic magnetic fluid used to prepare 

the magnetic nanocapsules (MSE-NC and M-NC) was based 

on maghemite nanoparticles stabilized in an acid medium and 

synthesized following the methodology previously reported.22 

The MSE-NC sample was developed to contain 10 mg/mL 

of selol 5% and 5 × 1011 particles/mL. The control samples 

(M-NC and SE-NC) were prepared with the same MNPs or 

selol concentrations found in the MSE-NC sample.

Characterization
The size and the morphology of nanocapsules and nano-

sized magnetic particles were assessed by both transmission 

electron microscopy (TEM, JEOL 1011; JEOL Ltd, Tokyo, 

Japan)3 and scanning electron microscopy (JEOL JSM-

7001F; JEOL Ltd). TEM images were analyzed and the size 

distribution of nanocapsules and maghemite nanoparticles 

were obtained by counting at least 300 units using the Image 

Pro-Plus 5.1 software (Media Cybernetics, Inc, Rockville, 

MD). Data (histograms) were curve-fitted using a log normal 

distribution to determine the nanocapsule and the MNP mean 

diameter and diameter dispersity index.

Moreover, the mean diameter and diameter dispersity 

index were also determined by photon correlation spec-

troscopy (PCS) at a scattering angle of 173° and 25°, using 

zetasizer equipment (NanoZS; Malvern Instruments Ltd, 

Worcestershire, UK). The stability and the surface charge 

were evaluated by electrophoretic mobility using the same 

zetasizer system. Analyses were performed using samples 

diluted with ultrapure water.
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Cell culture
Murine mammary carcinoma cells (4T1 cells, provided by 

Dr Suzanne Ostrand-Rosenberg, Baltimore, MD) and MCF-7 

human mammary carcinoma cells (purchased from American 

Type Collection [ATCC], Manassas, VA) were maintained in 

Dulbecco’s modified Eagle’s medium (Gibco®, Life Technolo-

gies Corporation, Carlsbad, CA) supplemented with 10% 

(v/v) fetal bovine serum (Gibco®), and 1% (v/v) penicillin-

streptomycin (Invitrogen, Life Technologies Corporation, 

Carlsbad, CA). Human normal breast cell line MCF-10A 

(donated by Dr Maria Mitzi Brentani, USP, São Paulo, Brazil) 

was cultured in a 1:1 mixture of Dulbecco’s modified Eagle’s 

medium and F12 medium supplemented with 5% horse 

serum (Gibco®), epidermal growth factor (20 ng/mL; Sigma-

Aldrich Co), hydrocortisone (0.5 µg/mL; Sigma-Aldrich 

Co), bovine insulin (10 µg/mL; Sigma-Aldrich Co), choleric 

toxin (100 ng/mL; Sigma-Aldrich Co), and 1% penicillin-

streptomycin. Cells were maintained at 37°C in a 5% CO
2
 

humidified environment during all experiments.

Cell viability assay
Cells (4T1, MCF-7, and MCF-10A) were seeded into 96-well 

culture plates at a density of 2.5 × 103 cells/mL and allowed to 

attach for 24 hours. The cytotoxicity was assessed by exposing 

cells to five different  concentrations of MSE-NC (1X = 25 µg/mL 

of selol and/or 1.25 × 109 particles/mL; 2X = 50 µg/mL of 

selol and/or 2.5 × 109 particles/mL; 4X = 100 µg/mL of 

selol and/or 5 × 109 particles/mL; 8X = 200 µg/mL of selol 

and/or 1 × 1010 particles/mL; and 16X = 400 µg/mL of selol 

and/or 2 × 1010 particles/mL) diluted in growth media, for 

24 and 48 hours. Untreated cells and cells incubated with 

M-NC or SE-NC samples containing, respectively, the same 

 concentrations of MNPs or selol found in the MSE-NC sample 

were employed as control groups, while positive control cells 

were treated with paclitaxel (40 µg/mL; Sigma-Aldrich Co), 

a chemotherapy agent commonly used for breast cancer 

 treatment. After treatments, cell viability was evaluated using 

the tetrazolium dye assay (MTT; Invitrogen).23 Cells were 

incubated with a solution of MTT 10% in culture medium 

for 2.5 hours. The MTT solution was removed and 200 µL 

of dimethyl sulfoxide (Vetec; Sigma-Aldrich Co, Duque 

de Caxias, Brazil) was added. The absorbance readings 

were  performed in a spectrophotometer (SpectraMax M2; 

 Molecular Devices, LLC, Sunnyvale, CA) using a microplate 

reader at a 595 nm wavelength. The medium absorbance of 

untreated control groups was considered as 100% viability 

and used to calculate the percentage of viable cells after the 

treatments. The concentration of MSE-NC, which causes 

inhibition of 50% cell viability (IC
50

) compared to control 

cells was calculated using GraphPad Prism (version 5.00; 

GraphPad Software, Inc, La Jolla, CA).

Cell morphology analysis
After the same procedure of culture and treatment used to 

evaluate the cell viability, cells were washed with phosphate-

buffered saline (PBS, Laborclin, Rio De Janeiro, Brazil). 

Cells attached to the plate were fixed in methanol (4°C, Vetec; 

Sigma-Alrich Co) and stained with a Giemsa 4% solution 

(Doles, Goiânia, Brazil) or Perls’ reaction to investigate the 

cells’ morphology.

Annexin-V-FITC/propidium iodide 
staining analysis
Translocation of phosphatidylserine in the cell membrane 

was determined by Annexin-V-FITC and propidium iodide 

 staining.3 First, 4T1 and MCF-7 cells were seeded into a 6-well 

culture plate at a density of 1.25 × 105 cells/mL, and allowed to 

attach to the plate for 24 hours.  Subsequently, cells were treated 

with MSE-NC (2X = 50 µg/mL of selol + 2.5 × 109 particles/mL 

and 8X = 200 µg/mL of selol + 1 × 1010  particles/mL), M-NC 

(2X = 2.5 × 109  particles/mL), SE-NC (2X = 50 µg/mL of 

selol), or paclitaxel (40 µg/mL). After incubation for 48 hours, 

cells were rinsed with PBS, centrifuged and  resuspended in 

100 µL binding buffer (Invitrogen), and 5 µL Annexin-V-FITC 

(Invitrogen). After incubation at 4°C in the dark for 15 min-

utes, 400 µL binding buffer and 0.5 µL propidium iodide 

(5 µg/mL, Invitrogen) were added. Analyses were performed 

5 minutes later at 4°C. To each sample, 10,000 events were 

analyzed by flow cytometry (CyFlow, Partec GmbH, Munster, 

Germany) using FlowMax software (Partec GmbH).

DNA fragmentation analysis
After the same procedure of culture and treatment used to 

evaluate the Annexin-V-FITC and iodide propidium staining 

analysis, cells attached to the plate were washed with PBS, 

centrifuged, resuspended in a 200 µL lysis buffer (0.1% 

sodium citrate, 0.1% triton X-100, and 20 µg/mL propidium 

iodide), and incubated for 30 minutes in the dark at room 

temperature. To each sample, 5,000 events were evaluated 

by flow cytometry (CyFlow, Partec GmbH).

Antiproliferative effect under alternating 
magnetic field exposure
The 4T1 and MCF-7 cell lines were seeded into a 24-well 

 culture plate at a density of 4 × 104 cells/mL. Twenty-four 

hours after seeding, cells were treated with MSE-NC 
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(2X = 50 µg/mL of selol + 2.5 × 109 particles/mL and 

4X = 100 µg/mL of selol + 5 × 109 particles/mL). The treat-

ment was maintained for 4 hours before removing the medium 

containing MSE-NC. Attached cells were washed with PBS, 

and culture medium was added. Cells were then exposed for 

3 minutes to the AMF generated by equipment operating at 

the frequency of 1 MHz and 40 Oe field amplitude.14,24–26 

Twenty hours after magnetic field exposure, cell viability 

was evaluated by the MTT assay. Untreated cells exposed or 

not to the AMF were the negative controls, and absorbance 

measurements were used to calculate the viable cells percent-

age after the treatment.

Statistical analysis
Statistical analysis was carried out using SPSS software 

(version 19; IBM Corporation, Armonk, NY). Data were 

expressed as mean ± standard error of the mean from at 

least two independent experiments. Statistical significance 

was accepted at a level of P , 0.05. Normal distribution 

of data variances was verified by the Shapiro–Wilk test. 

 Differences between the groups were investigated through 

analysis of one-way analysis of variance and Tukey’s 

 post-hoc test was chosen to carry out 2-to-2 comparisons 

between the  treatments. Data not presenting normal distribu-

tion were tested by Kruskal–Wallis and Mann–Whitney.

Results
Characterization of nanocapsules
Electron microscopy analysis revealed that PLGA-

nanocapsules from the MSE-NC sample presented with a 

spherical shape and a mean diameter of 235.8 nm (±57.6 nm) 

(see Figure 1). TEM micrographs also revealed that they are 

individually distributed and present an electron-dense core 

of maghemite nanoparticles localized inside and also on 

the nanocapsules’ surface (see Figure 1B). The maghemite 

nanoparticles used to synthesize the magnetic nanocapsules 

presented a mean diameter of 10.0 nm (±2.5 nm), as shown 

in Figure 2.

For comparison, the morphology of the nanocapsules 

from M-NC and SE-NC was also evaluated by TEM. 
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Figure 1 Characterization of MSE-NC. (A and B) Transmission electron photomicrographs of MSE-NC; (C) Scanning electron photomicrograph of MSE-NC; (D) histogram 
of the distribution of MSE-NC diameters.
Abbreviation: MSE-NC, poly(lactic-co-glycolic acid)-nanocapsules loaded with magnetic nanoparticles and selol.
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Unlike MSE-NC, nanocapsules from M-NC are organized in 

clusters with maghemite nanoparticles mainly on their sur-

face (see Figure 3). As for the SE-NC sample, as in MSE-NC, 

the nanocapsules presented with a spherical shape and were 

individually distributed (data not shown).

In accordance with analysis of PCS (Table 1) MSE-NC 

presented with a size similar to that found in TEM analysis, 

with narrow size distribution evidenced by the size dispersity 

index of 0.23. M-NC presented with a higher diameter after 

evaluation by PCS analysis. In contrast to the M-NC and 

SE-NC formulations, MSE-NC presents positive charge on 

zeta potential analysis (Table 1).

Cell viability analysis
Figure 4 shows the effects of MSE-NC, M-NC, and SE-NC 

treatments on the cell viability in murine (4T1, Figure 4A) 

and human (MCF-7, Figure 4B) breast adenocarcinoma cell 

lines, as well as in the normal breast cell line (MCF-10A, 

Figure 4C) in regard to both the concentration of selol and 

MNPs (represented in columns 1X to 16X) and the treatment 

time (24 and 48 hours). Data obtained from nontreated cells 

were considered to exhibit 100% cell viability. A  significant 

decrease in the viability of 4T1 and MCF-7 neoplastic 

cells was observed after treatments with all formulations 

(MSE-NC and the control samples, M-NC and SE-NC) 

and doses evaluated (1X to 16X). In general, the murine 

tumor 4T1 cells were less affected than the human tumor 

MCF-7 cells. Higher concentrations (200 µg/mL of selol and/

or 1 × 1010 particles/mL (8X) and 400 µg/mL of selol and/or 

2 × 1010 particles/mL (16X)) were more cytotoxic, especially 

in the long term treatment. On tumorigenic cell lines, the 

effects of the M-NC control group (not loaded with selol) 

were very similar to that observed after MSE-NC treatment in 

almost all of the evaluated concentrations. Although all of the 

SE-NC concentrations that were tested induced a significant 

reduction in neoplastic cell viability, they were less cytotoxic 
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Figure 2 Characterization of maghemite nanoparticles. (A) Transmission electron photomicrograph of maghemite nanoparticles prior to the encapsulation process; 
(B) histogram of the distribution of maghemite nanoparticle diameters.

Figure 3 Transmission electron photomicrograph of M-NC showing dispersed 
nanoparticles on its surface.
Abbreviation: M-NC, poly(lactic-co-glycolic acid)-nanocapsules loaded with 
magnetic nanoparticles.

Table 1 Characterization of PLGA-nanocapsules from MSE-NC, 
M-NC, and SE-NC samples by PCS and Zetasizer

Samples MSE-NC M-NC SE-NC

Mean diameter (nm) 
SDI 
Zeta potential (mV) 
ph

244 ± 2 
0.23 ± 0.01 
20.1 ± 0.7 
7.4

949 ± 100 
0.87 ± 0.07 
-11.7 ± 0.6 
7.5

213 ± 3 
0.31 ± 0.02 
-28.6 ± 0.8 
7.0

Note: Data represent mean ± SEM of three different batches of MSE-NC and the 
control formulations M-NC and SE-NC, at scattering angle of 173°C and 25°C.
Abbreviations: PLGA, poly(lactic-co-glycolic acid); MSE-NC, PLGA-nanocapsules 
loaded with magnetic nanoparticles and selol; M-NC, PLGA-nanocapsules loaded 
with magnetic nanoparticles; SE-NC, PLGA-nanocapsules loaded with selol;  
PCS, photon correlation spectroscopy; SDI, size dispersity index.
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than the magnetic nanocapsules (MSE-NC and M-NC), 

particularly at higher concentrations (8X and 16X).

Different from what has been observed with tumor cell 

lines, low doses of encapsulated MNPs, M-NC (1X and 2X), 

showed no viability reduction while tested against MCF-10A 

normal cells. Although exposure to lower concentrations 

of MSE-NC (1X and 2X) for 24 hours had significantly 

reduced the MCF-10A viability, we found that 48 hours’ 

exposure recovered MCF-10A viability up to 99.9% (1X) 
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Figure 4 Effects of MSE-NC and control nanoformulation (M-NC and SE-NC) treatments of 24 hours and 48 hours on the viability of 4T1 (A), MCF-7 (B), and  
MCF-10A (C) cells.
Notes: Data were normalized with control (untreated) cell viability (100%) and expressed as the percentage of the mean ± SEM of three independent experiments performed in 
triplicate. *Denotes statistical difference with respect to the control without treatment; adenotes the statistical difference with respect to the MSE-NC at the same concentration. 
P , 0.05. The values expressed are 1X - 25 µg/mL of selol and/or 1.25 × 109 particles/mL; 2X - 50 µg/mL of selol and/or 2.5 × 109 particles/mL; 4X - 100 µg/mL of selol and/or 
5 × 109 particles/mL; 8X - 200 µg/mL of selol and/or 1 × 1010 particles/mL; 16X - 400 µg/mL of selol and/or 2 × 1010 particles/mL; PT - 40 µg/mL of Paclitaxel.
Abbreviations: MSE-NC, selol-loaded magnetic nanocapsules; M-NC, unloaded magnetic nanocapsules; SE-NC, nonmagnetic nanocapsules of selol.

and 91.4% (2X). These values were statistically similar to 

those of the control group without treatment. Interestingly, 

higher doses of MSE-NC induced less cytotoxicity than 

M-NC on normal breast MCF-10A cells. Furthermore, 

for all concentrations evaluated after 24 hours of exposure 

to SE-NC, cytotoxicity was not noted. Surprisingly, only 

48 hours of exposure to SE-NC with doses higher than 

100 µg/mL (8X and 16X) induced a significant decrease on 

normal cell viability.
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It is important to note that all studied cells showed 

sensitivity to paclitaxel, thus validating our experimental 

model (Figure 4). Data in Figure 4 show that neoplastic 

cell lines were more sensitive to treatments than normal 

cells. For instance, lower concentrations of MSE-NC 

(25 µg/mL of selol + 1.25 × 109 particles/mL [1X] and 

50 µg/mL of selol + 2.5 × 109 particles/mL [2X]) induced 

a drop of around 38% in the viability of 4T1 and MCF-7 

breast carcinoma cells, whereas no effect was observed on 

the viability of the MCF-10A normal breast cell line. The 

IC
50

 values (Table 2) confirm that tumorigenic cell lines 

were more sensitive to the treatment herein described than 

the normal cell line (MCF-10A); however, IC
50

 values 

also showed that increasing the incubation time of normal 

cells with MSE-NC significantly enhances the treatment’s 

sensitivity.

Cell morphology analysis
No changes were observed in the cells’ morphology while 

using the different nanocapsule formulations described 

in this study. However, as the concentration of MSE-NC, 

M-NC, and SE-NC increases, fewer adhered cells were 

observed on the plates (see Figure 5). After treatment with 

magnetic nanocapsules (MSE-NC and M-NC), brownish 

aggregates of MNPs were also observed under Giemsa 

stain. A higher number of clusters consisting of MNPs 

was visualized as blue pigment on tumorigenic cells (see 

Figure 6), thus evidencing the higher uptake of MSE-NC 

in breast tumor cells (4T1 and MCF-7) than in the normal 

breast cell line (MCF-10A).

Annexin-V-FITC/propidium iodide 
staining analysis
Normal, apoptotic, and necrotic cells were distinguished 

when employing the annexin-V-FITC and propidium iodide 

staining method. Figure 7 shows the percentage of cells 

that were positively stained by annexin-V-FITC. MSE-NC, 

M-NC, and SE-NC significantly increased the percentage of 

annexin-V+ cells with respect to the untreated control group. 

The highest concentration of MSE-NC (200 µg/mL of 

selol + 1 × 1010 particles/mL) induced about seven times 

more annexin-V+ cells (64.5%) than the control group 

(8.1%) in both of the evaluated tumorigenic cell lines. 

However, cells positively stained with iodide propidium 

were not found.

DNA fragmentation analysis
MSE-NC, M-NC, and SE-NC induced significant increase 

in DNA fragmentation of tumor cells with respect to the 

untreated control group (see Figure 8). The DNA fragmen-

tation induced by MSE-NC treatment was dose-dependent, 

as observed from the results found at concentrations of 

50 µg/mL of selol + 2.5 × 109 particles/mL and 200 µg/mL 

of selol + 1 × 1010 particles/mL, which induced 33.0% and 

62.8% of DNA fragmentation on 4T1 cell line, and 27.6% 

and 72.6% of DNA fragmentation on MCF-7 cell line, 

respectively.

Effects of MSE-NC on the cells’ viability
Incubation of 4T1 murine mammary carcinoma cells with 

MSE-NC (50 µg/mL of selol + 2.5 × 109 particles/mL 

[2X] and 100 µg/mL of selol + 5 × 109 particles/mL [4X]) 

induced no significant differences in the cell viability in 

the absence of the AMF. However, while incubated with 

MSE-NC at concentrations of 2X and 4X, and submitted 

to AMF exposure, 4T1 murine mammary carcinoma cells’ 

viability decreased, respectively, by 31.5% (±3.3) and 

42.4% (±3.3) with respect to the untreated control group 

(see Figure 9A).

Evaluation of cytotoxicity using human mammary 

carcinoma cells (MCF-7) showed that MSE-NC induced a 

significant decrease in cell viability, either with or without 

exposure to AMF, although in a dose-dependent way (see 

Figure 9B). Under AMF treatment plus incubation with MSE-

NC containing 100 µg/mL of selol + 5 × 109 particles/mL, the 

MCF-7 cell viability was significantly decreased by 51.8%, 

whereas with no AMF exposure the cell viability presented 

with only a 32.2% reduction.

It is worth mentioning that both neoplastic cell lines used 

in this study presented a significant decrease in viability when 

treated with MSE-NC and exposed to the AMF. Incubation 

of neoplastic cells with MSE-NC only, with no exposure to 

AMF, promotes much less reduction in cell viability, thus 

emphasizing the effect of the magnetohyperthermia. As was 

expected for both cell lines, AMF alone induced no change 

Table 2 Distribution of the IC50 values and their respective 
confidence intervals (95%) in 4T1, MCF-7, and MCF-10A cell lines 
after treatment with MSE-NC

Cell lines IC50 (IC 95%) (μg/mL)

24 hours 48 hours

4T1 163.1 (127.4 to 208.8) 121.2 (92.4 to 159.0)
MCF-7 109.4 (78.7 to 151.9) 116.2 (92.6 to 145.9)
MCF-10A 337.3 (301.8 to 377.0) 171.2 (154.7 to 189.5)

Note: The data refer to the cell viability after treatment with MSE-NC (25 µg/mL of 
selol + 1.25 × 109 particles/mL (1X) to 400 µg/mL selol + 2 × 1010 particles/mL (16X)).
Abbreviation: MSE-NC, selol-loaded magnetic nanocapsules.
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in the cell viability as long as no MSE-NC incubation is 

performed (data not shown).

Discussion
In this study, MSE-NC presented an antitumor effect in a 

dose and time dependent way. It is worth mentioning that at 

low doses, MSE-NC significantly reduced the cell viability of 

tumor cells (4T1 and MCF-7) with no effects on normal cells 

(MCF10A). Further, the cytotoxicity to neoplastic cells was 

even higher when the treatment with MSE-NC was followed 

by exposure to an AMF. These results illustrate the potential 

of MSE-NC as an antineoplastic agent either by its action 

as a selol delivery system, or due to its ability to induce the 

magnetohyperthermia effect.

It has been shown that the physicochemical characteristics 

of nanostructures, such as core-shell chemical composition, 

charge, and size do influence their biological responses.27,28 

In this context, MNPs with a range of 6 to 10 nm have been 

Figure 5 Cell morphology of MCF-7 cells after 48 hours without treatment. Giemsa staining. Arrows indicate clusters of magnetic nanostructures, which can be visualized 
by brown staining. Figures A and B show absence of cluster of magnetic nanostructures. Bars indicate 100 µm. (A) Treatment with MSE-NC containing 200 µg/mL of 
selol + 1 × 1010 particles/mL (8X); (C) 100 µg/mL of selol + 5 × 109 particles/mL (4X); (D) 50 µg/mL of selol + 2.5 × 109 particles/mL (2X); (E) treatment with M-NC (5 × 109 
particles/mL - 4X); (F) treatment with SE-NC (100 µg/mL of selol - 4X).
Abbreviations: MSE-NC, selol-loaded magnetic nanocapsules; M-NC, unloaded magnetic nanocapsules; SE-NC, nonmagnetic nanocapsules of selol.
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appointed as materials with high magnetic applicability. 

Likewise, 10 to 100 nm are considered to be the ideal MNP 

diameters that avoid their recognition by the mononuclear 

phagocyte system, thus, allowing for a longer stay in the 

bloodstream, and promoting effective biodistribution.3,29 In 

accordance with this desirable characteristic, maghemite 

nanoparticles used to prepare the magnetic nanocapsules 

evaluated in our study presented with a 10.0 nm (±2.5 nm) 

diameter, as observed by TEM micrograph. Further, the 

possibility of developing highly biocompatible polymeric-

based magnetic nanostructures using engineered maghemite 

nanoparticles 28 that are able to induce magnetohyperthermia 

was previously demonstrated.14 PCS analysis revealed that 

MSE-NC presents a monodisperse profile (polydispersity 

index of 0.23), an important feature required to enhance the 

heating performance.13 The high average diameter found in 

the M-NC sample (949 nm ± 100 nm) was mainly a result 

of nanocapsule aggregation, as evidenced by TEM analysis. 

Figure 6 Perls staining of 4T1 (A and B), MCF-7 (C and D) and MCF-10A (E and F) after 48 hours without treatment (A, C and E) or after the treatment with 100 µL/mL 
of selol + 5 × 109 particles/mL (4X) (B, D and F).
Notes: Clusters of magnetic nanoparticles are stained in blue. higher amounts of pigment blue are visualized in neoplastic tumor cells. Bars indicate 100 µm.
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The presence of MNPs at the outer surface of nanocapsules 

plus the absence of selol may be responsible for enhanced 

MNP aggregation. Also, TEM analyses suggested that the 

presence of selol increases the entrapment of maghemite 

nanoparticles, probably due to the chemical bonds between 

selol, PLGA, and maghemite nanoparticles.

Zeta potential analysis revealed that the MSE-NC sample 

presented with a positive charge, whereas SE-NC or M-NC 

presented with a negative charge, as usually observed in 

PLGA formulations. Since selol presented with a positive 

charge20 and ionic magnetic fluids prepared in low pH also 

presented with positively-charged nanoparticles,30 the co-

encapsulation of both selol and maghemite nanoparticles 

overcame the negative charge of PLGA. Moreover, the 

presence of maghemite nanoparticles at the outer surface of 

MSE-NC, as observed by TEM, contributed to the net posi-

tive charge found in the zeta potential data.

This in vitro study showed that MSE-NC induced dose, 

time, and cell line-dependent cytotoxicity. Our data are in 

agreement with previous studies that present selenium-based 

nanoparticles as a cytotoxic agent to human breast carci-

noma cells (MDA-MB-3119 and MCF-731), human cervical 

 carcinoma cells (HeLa),19 human melanoma cells (A375),31 

and human hepatic carcinoma cells (Bel7402).32 It is worth 

noting that the two lowest concentrations of MSE-NC used 

while acting for 48 hours significantly decreased the cell 

viability of neoplastic cells (4T1 and MCF-7) with no effects 

on normal cells (MCF10A). The preferential cytotoxicity 

of MSE-NC to cancer cells was also demonstrated by the 

IC
50

 values. This finding is in accordance with previous 

studies showing that selenium-based nanoparticles presented 

more cytotoxic effects to tumorigenic cells than to normal 

cells.31,33 Samples of M-NC and SE-NC reduced the cell 

viability of breast cancer cells in all of the evaluated con-

centrations, illustrating their cytotoxic effects as well as the 

intrinsic effect of selol and MNPs as antineoplastic agents. 

However, in normal breast cells, SE-NC was toxic only at 

higher concentrations (200 and 400 µg/mL of selol) and after 

48 hours of treatment. Furthermore, M-NC was more toxic to 

normal cells than MSE-NC, suggesting that selol can induce 

a protective effect for normal cells.

In general, neoplastic cell metabolism is faster than that 

of normal cells, demanding larger amounts of nutrients, 

such as iron, which can be evidenced by the presence of 

more transferrin receptors.34 This may explain the evidence 

obtained from the morphological analysis (Perls’ staining) 

which indicates that MSE-NC is more efficiently taken up 

by 4T1 and MCF-7 tumor cells than MCF-10A normal cells, 

resulting in higher toxicity to tumor cells than to normal ones. 

Nevertheless, no change in cell morphology was observed, 

possibly due to the fact that the analyses were carried out 

only on cells attached to the plate.

Based on the results of the MTT assay, MSE-NC at a 2X 

concentration was used to evaluate the type of cell death and 

the presence of DNA damage, since this concentration reduced 

the cell viability of tumorigenic cells with no effect on normal 
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Figure 7 Effects of 48 hours of treatment with nanocapsules MSE-NC, M-NC, and 
SE-NC on the percentage of cells positively stained for annexin-V.
Notes: Breast carcinoma cells (4T1 and MCF-7 lines) were stained with Annexin 
V-FITC and propidium iodide and analyzed by flow cytometry. Data were normalized 
with the untreated control and expressed as percentage of the mean ± SEM of two 
independent experiments performed in triplicate. *Denotes the statistical difference 
with respect to the control group without treatment (CWT); adenotes the statistical 
difference with respect to MSE-NC-2X; P , 0.05. 2X = 50 µg/mL of selol and/or 
2.5 × 109 particles/mL; 8X = 200 µg/mL of selol +1 × 1010 particles/mL.
Abbreviations: MSE-NC, PLGA-nanocapsules loaded with magnetic nanoparticles 
and selol; M-NC, PLGA-nanocapsules loaded with magnetic nanoparticles; 
SE-NC, PLGA-nanocapsules loaded with selol; CWT, control with no treatment; 
PTX, Paclitaxel.
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Figure 8 Effects of 48 hours treatment with nanocapsules MSE-NC, M-NC, and  
SE-NC on the percentage of DNA fragmentation in 4T1 and MCF-7 cell lines.
Note: Breast carcinoma cells were stained with propidium iodide and analyzed by 
flow cytometry. Data were normalized with the untreated control and expressed 
as percentage of the mean ± SEM of two independent experiments performed in 
triplicate. *Denotes the statistical difference with respect to the control group 
without treatment (CWT); adenotes the statistical difference with respect to  
MSE-NC-2X; P , 0.05. 2X = 50 µg/mL of selol and/or 2.5 × 109 particles/mL; 
8X = 200 µg/mL of selol + 1 × 1010 particles/mL.
Abbreviations: MSE-NC, PLGA-nanocapsules loaded with magnetic nanoparticles and 
selol; M-NC, PLGA-nanocapsules loaded with magnetic nanoparticles; SE-NC, PLGA-
nanocapsules loaded with selol; CWT, control with no treatment; PTX, Paclitaxel. 
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cells. The 8X dose was also tested to assess the concentration 

effects. The induction of apoptosis in neoplastic cells is an 

important issue of research for new  chemotherapy drugs.23 

The positive staining with annexin-V in cells is an indication 

of phosphatidylserine exposure in the plasma membrane, an 

event closely related to apoptosis.3 A dose related increase was 

observed after 48 hours’ treatment with MSE-NC (50 µg/mL 

of selol + 2.5 × 109 particles/mL (2X) and 200 µg/mL of 

selol + 1 × 1010 particles/mL (8X)) while using breast cancer 

cells positively stained with annexin-V. Our findings are in 

very good agreement with the findings by Suchocki et al,20 

which showed that the use of selol induced apoptosis in 

human leukemia cells. Apoptosis has been described as one 

of the more important mechanisms for the anticancer action 

of selenium-based compounds.35–37 Although Valdiglesias 

et al38 reported that the induction of apoptosis by Selenium-

based compounds may be related to changes in the cell cycle, 

Suchocki et al20 found that free selol did not overset the cell 

cycle in human leukemia cells.

DNA fragmentation is also an important hallmark of cell 

apoptosis. An increase in DNA fragmentation was observed after 

treatment of breast cancer cells with MSE-NC, corroborating 

the results found in the analysis of phosphatidylserine exposure. 

Induction of DNA fragmentation was also described by Suchocki 

et al20 after treating human leukemia cells with selol.

Because magnetic samples can also be used to promote 

magnetohyperthermia, neoplastic cells treated with MSE-NC 

were also exposed to the AMF, and the cytotoxic effect of 

this treatment was evaluated. The methodology was based 

on previous in vitro experiments performed with the same 

AMF equipment that was used in this study.24,25 Data show 

that the exposure to an AMF increased the cytotoxic effects 

on MSE-NC in a dose-dependent way. Further, the AMF 

was essential to induce significant cytotoxicity on 4T1 cells 

previously treated with MSE-NC. As expected, AMF alone 

did not show significant cytotoxic effects on cells (data 

not shown). In contrast from our findings using mammary 

carcinoma cells (4T1 and MCF-7), Falqueiro et al24 showed 

that metastatic murine melanoma cells (B16-F10) and oral 

squamous cell carcinoma treated with MSE-NC (100 µg/mL 

of selol + 5 × 1012 particles/mL) did not show any signifi-

cant differences in the viability between the cells that were 

either exposed or not to the AMF, although the number of 

maghemite nanoparticles had been higher than that used in 

our study (5 × 109 particles/mL), evidencing the difference 

and specificity in the treatment response while using different 

cell types. In this context, our results show the potential of 

MSE-NC as an antitumor agent against breast cancer cells, 

including its efficacy to induce magnetohyperthermia, as 

already reported in previous in vivo studies.14

Conclusion
This study showed that the as-prepared MSE-NC sample 

significantly induces cytotoxic effects on breast cancer cell 
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Figure 9 Effects of MSE-NC treatment with or without subsequent exposure to the AMF on the viability of the 4T1 (A) and MCF-7 (B) cell lines.
Notes: Data were normalized with the untreated control exposed or not to AMF and expressed as percentage of the mean ± SEM of three independent experiments 
performed in triplicate. *Denotes the statistical difference for the CWT; adenotes the statistical difference with respect to the same MSE-NC concentration, but without AMF 
application; P , 0.05. The values are as follows: 2X = 50 µg/mL of selol + 2.5 × 109 particles/mL; 4X = 100 µg/mL of selol + 5 × 109 particles/mL.
Abbreviations: MSE-NC, nanocapsules loaded with magnetic nanoparticles and selol; CWT, control without treatment; AMF, alternating magnetic field.
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lines in a dose and time dependent manner, evidencing its 

antitumor effect. Further, at low doses, MSE-NC exhibits 

an antitumor effect while not affecting the viability of nor-

mal cells. This may be explained by the enhanced uptake 

of MSE-NC by neoplastic cells when compared to normal 

cells. Analysis of phosphatidylserine exposure and DNA 

fragmentation suggests that apoptosis is the main mecha-

nism of cell death induced by the MSE-NC treatment. More-

over, the antitumor effect of MSE-NC may be increased 

when exposed to an AMF, showing that this formulation 

presents adequate magnetic properties for biomedical 

applications. Therefore, we suggest that MSE-NC should 

be considered as an effective material system for magnetic 

drug delivery and as a magnetohyperthermia inductor in 

antitumor therapy.
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