
E-ISSN: 2340-9894       ISSN: 0004-2927
https://revistaseug.ugr.es/index.php/ars

doi: 10.30827/ars.v62i1.15845
Artículos originales

Antitumoral activity of micellar solutions 
containing allyl isothiocyanate: an in vitro 
study
Actividad antitumoral de soluciones micelares que 
contienen isotiocianato de alilo: un estudio in vitro
Tamires Cunha Almeida1

Daiane Teixeira de Oliveira2

André Luiz Ventura Sávio3

Fernanda Barçante Perasoli4

Glenda Nicioli da Silva1

Jose Mário Barichello5

1Universidade Federal de Ouro Preto, Laboratório de Pesquisas Clínicas, Ouro Preto, Brazil, 
2Universidade Federal de Ouro Preto, Laboratório de Bioquímica e Biologia Molecular, Ouro Preto, Brazil, 
3Universidade Estadual Paulista, Laboratório de Toxicogenômica e Nutrigenômica, Botucatu, Brazil, 
4Universidade Federal de Ouro Preto, Laboratório de Fitotecnologia, Ouro Preto, Brazil, 
5Universidade Federal de Pelotas, Laboratório de Tecnologia Farmacêutica, Pelotas, Brazil,

Correspondence

Tamires Cunha Almeida
tamires.almeida@aluno.ufop.edu.br

Received: 04.09.2020
Accepted: 15.10.2020
Published: 20.12.2020

Financial support

This study was supported by FAPEMIG (Fundação de Amparo à Pesquisa do Estado de Minas Gerais) (Grant numbers 
PPM-00282-11 and CBB-APQ-01497-14).

Conflict of interest

The authors declare no conflict of interest.

Ars Pharm. 2021;62(1):40-51 40

http://doi.org/10.30827/ars.v62i1.15432


Resumen
Introducción: Varios productos naturales exhiben actividad antineoplásica prometedora contra las células can-
cerosas de vejiga, incluido el isotiocianato de alilo (AITC). Sin embargo, el AITC irrita las membranas mucosas e 
induce reacciones cutáneas vesiculares o eccematosas. Por tanto, las formulaciones farmacéuticas son necesarias 
para superar estos problemas. El objetivo era desarrollar soluciones micelares que contengan AITC e investigar su 
actividad antitumoral en líneas celulares de carcinoma de vejiga.
Método: Las soluciones micelares se prepararon mediante el método de dispersión en frío. Posteriormente, eval-
uamos la citotoxicidad, la proliferación celular, la cinética del ciclo celular y los efectos a largo plazo de las micelas 
en las células del cáncer de vejiga.
Resultados: Los ensayos de citotoxicidad y proliferación celular mostraron que hubo un aumento en la actividad 
de AITC cuando se encapsuló en micelas. También observamos la detención del ciclo celular en la fase S después 
del tratamiento con micelas AITC. Además, la formulación pudo mantener los efectos a largo plazo del AITC libre
Conclusiones: Las soluciones micelares desarrolladas pueden convertirse en un enfoque interesante para la ad-
ministración de AITC en el tratamiento del cáncer de vejiga.

Palabras clave: cáncer de vejiga; isotiocianato de alilo; micelas; poloxámero

Abstract
Introduction: Several natural products exhibit promising antineoplastic activity against bladder cancer cells, in-
cluding allyl isothiocyanate (AITC). However, the AITC irritates the mucous membranes and induces eczematous or 
vesicular skin reactions. Thus, pharmaceutical formulations are necessary to overcome these problems. The aim 
was to develop micellar solutions containing AITC and investigate their antitumoral activity in bladder carcinoma 
cell lines.
Method: The micellar solutions were prepared by cold dispersion method. Subsequently, we evaluated cytotoxicity, 
cell proliferation, cell cycle kinetics and long-term effects of micelles in bladder cancer cells.
Results: Cytotoxicity and cell proliferation assays showed there was an increase in AITC activity when it was encap-
sulated in micelles. We also observed cell cycle arrest in the S phase after treatment with AITC-micelles. Further-
more, the formulation was able to maintain the long-term effects of free AITC.
Conclusions: The micellar solutions developed can become an interesting approach for administration of AITC in 
the treatment of bladder cancer.

Keywords: allyl isothiocyanate; bladder cancer; micelles; poloxamer
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Introduction
Bladder cancer is the twelfth most common cancer worldwide(1). The highest incidence rates occur in 
Europe, being relatively low in South and Central America(2). Due to the high recurrence rates and the 
clinical and cytopathological follow-up of patients’ surveillance, bladder cancer treatment is one of the 
most expensive, generating a major economic burden on health-care systems(3). Approximately 90% of 
malignant bladder tumors are represented by urothelial cell carcinomas(4). Moreover, TP53 mutations 
are the most common alterations in bladder cancer cells and are frequently detected in advanced dis-
ease states(5).

Currently, several natural substances have been investigated as alternative approaches for treating 
diseases such as cancer(6,7). The allyl isothiocyanate (AITC), the major compound of mustard seeds, has 
been considered a promising antineoplastic agent against several types of cancer, including bladder 
cancer(8-10). In spite of its potential activity, the application of AITC is restrained by some characteristics, 
including poor aqueous solubility, instability at high temperature, and susceptibility to degradation by 
nucleophilic molecules(11).

Micellar systems have been extensively studied for the administration of anticancer agents, because 
they are capable to incorporate hydrophobic substances in the hydrophobic core shell, increasing the 
solubility of the drugs and protecting them from in vivo inactivation(12). Moreover, the micellar systems 
allow the passive delivery of the encapsulated substance to the tumor by the increased permeability 
and retention effect(13).

In view of the potential of AITC as an antineoplastic agent and the benefits of micellar systems to deliv-
ery substances, the aim of this study was to develop Pluronic® F127 micellar solutions containing AITC 
and evaluate their antineoplastic activity in bladder tumor cell cultures.

Methods
Materials
Pluronic® F127 (F127), AITC, Dulbecco’s modified Eagle’s medium (DMEM), penicillin G, streptomycin, 
Tween 20 and propidium iodide were purchased from Sigma-Aldrich® (St Louis, USA). Acetonitrile 
(HPLC grade) was purchased from J. T. Baker® (Xalostoc, Mexico). Fetal bovine serum was purchased 
from Cultilab Ltd. (Campinas, Brazil). Cell Proliferation Kit II (XTT) was purchased from Roche Diagnos-
tics® (Mannheim, Germany). Culture medium DMEM without phenol red was purchased from Invitro-
gen® (Carlsbad, USA). Giemsa stain was purchased from Dinâmica® (Diadema, Brazil).

Preparation of micellar solutions
Briefly, the micellar solutions containing AITC were prepared by the cold dispersion method(14). A 
weighed amount of F127 (10 and 15% wt/wt) was added to a becker containing ultrapure water and 
kept under moderate magnetic stirring in an ice bath until complete dispersion of the polymer. The 
solution was kept in refrigerator for 24 hours to allow the complete dissolution of the polymer. Subse-
quently, the AITC was added and dispersed under vigorous stirring at room temperature. The final AITC 
concentration was 12.5 µM. Micelles without AITC (controls) were prepared using the same method.

Preparation of free AITC solution
The free AITC solution was prepared by dissolving 1.22 µL of AITC in a 2% Tween 20 solution prior to 
its use.

Determination of mean size and zeta potential of the micelles
The particle size and zeta potential values of micelles were determined by Zetasizer (Malvern, model 
Zetasizer Nano series - Nano ZS) at 25°C. The mean particle size was measured based on photo correla-
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tion spectroscopy technique. The zeta potential was determined based on electrophoretic mobility 
measurements. The experiments were conducted in triplicate.

Encapsulation efficiency in micellar solutions
The amount of AITC present in the micellar solutions was determined by HPLC/UV method as previous-
ly described(15). The equipment used was the Waters e2695 coupled to a UV/Vis Waters 2485 detector. 
The UV/Vis detector was set at 242 nm. Separation was done on a C18 column (Phenomenex, Luna 5μ, 
100Å, 150 x 4.6 mm) at 25ºC by using acetonitrile and ultrapure water (70:30) as mobile phase at a flow 
rate of 1 mL/min. The injection volume was 25 uL and the run time for AITC was approximately 8.5 
minutes.

Cell lines
The human urothelial carcinoma cell lines RT4 (from a low grade tumor with the wild type TP53 gene) 
and T24 (from a high grade tumor with the TP53 allele encoding an in-frame deletion of tyrosine 126) 
were purchased from the Cell Bank of the Federal University of Rio de Janeiro (Rio de Janeiro, Brazil). 
The cell cultures were culture in DMEM supplemented with 10% bovine fetal serum, 100 U/ml penicillin 
G, 100 U/ml streptomycin and maintained in an atmosphere of 5% CO2 at 37ºC.

Cytotoxicity and cell proliferation
Cytotoxicity and cell proliferation assays were performed using the Cell Proliferation Kit II (XTT). Briefly, 
cells were seeded into 96-well plates (1×104 and 1.5×104 cells/well for T24 and RT4 respectively). After 
24 hours, the cells were treated with different concentrations (0.005, 0.0625, 0.0725, 0.0825, 0.0925, 
0.125, 0.25, 0.5 µM) of the micellar solutions containing AITC or with free AITC during three hours. The 
concentrations and the time of treatment were defined based on the study conducted by Sávio and col-
leagues(10). Cells treated with micellar solutions without AITC and untreated cells were used as controls. 
After treatment, the cells were washed with Hank’s solution (0.4 g KCl, 0.06 g KH2PO4, 0.04 g Na2HPO4, 
0.35 g NaHCO3, 1 g glucose and 8 g NaCl in 1 L·H2O). After washing, fresh culture medium was added 
and the cells were incubated for 21 (cytotoxicity) and 45 hours (cell proliferation) in independent ex-
periments. Afterwards, 12 uL of XTT test solution (1 mL XTT labeling solution/20 uL of electron-cou-
pling reagent) were added to each well and the absorbance was measured at 492 and 690 nm after 90 
minutes. Absorbance results are proportional to the percentage of viable cells. Tests were conducted 
in triplicate.

Cell Morphology
The formulation MS15+AITC was chosen to continue the study, since it presented satisfactory results at 
cytotoxicity and cell proliferation assays, adequate particle size, monodisperse index parameters and 
retained the greater amount of AITC (99%) after preparation.

Initially, 2 × 10(5) cells were seeded into 12-well plates. After 24 hours, the cells were treated with 
MS15+AITC (0.0725 µM) for three hours. As controls, cells treated with micellar solutions without 
AITC and untreated cells were used. After the treatment, the cells were washed with Hank’s solution, 
fresh culture medium was added and the cells were incubated for 21 hours. Afterwards, the cells were 
observed under a phase-contrast microscopy at 200x magnification and the alterations were photo-
graphed.

Cell cycle kinetics
For cell cycle kinetics, 2 × 10(5) cells were seeded into 12-well plates. After 24 hours, the cells were treat-
ed with MS15+AITC at concentrations 0.0625, 0.0725 and 0.0825 uM for three hours. Cells treated with 
micellar solution without AITC and untreated cells were used as controls. After the treatment, the cells 
were washed with Hank’s solution, fresh culture medium was added and the cells were incubated for 
21 hours. Afterwards, cells were detached using trypsin and centrifuged at 1000 rpm for 10 minutes. 
The sediment was fixed with 70% ethanol and maintained at -20°C for 12 hours. Subsequently, the cells 
were washed, resuspended in 200 µL of labeling solution (0.0914 g of magnesium chloride; 0.0774 g of 
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sodium citrate; 0.04766 g of Hepes; 10 uL of Triton-X, 0.5 mL of propidium iodide, 9.490 mL of water), 
placed on ice and protected from light for at least 30 minutes(16). The percentages of cells in the G0/G1, 
S and G2/M phases were measured using flow cytometry (BD FACSCalibur) and analyzed using FlowJo® 
software. 30.000 events were analyzed and the experiments were conducted in triplicate.

Clonogenic survival
Clonogenic assay was used for evaluating the long-term effects of micellar solutions. Briefly, cells 
were plated at a density of 1×10(6) cells/25 cm(3) culture flask. After 24 hours, the cells were treated with 
MS15+AITC at concentrations 0.005, 0.0825 and 0.25 uM for three hours. Cells treated with micellar 
solution without AITC and untreated cells were used as controls. Cultures were rinsed with Hank’s solu-
tion, trypsinized and approximately 1×10(3) cells were plated into 25 cm3 culture flasks and allowed to 
grow for 15 days to form colonies. The cells were Giemsa stained and the number of colonies with 50 or 
more cells was counted. The experiments were performed in triplicate.

Statistical analysis
Statistical analyses were performed using GraphPad Prism® 5. The data were analyzed using the one-
way ANOVA, and post hoc analysis by Tukey’s test. The results were considered statistically significant 
at p < 0.05.

Results
Determination of particle size and zeta potential of micelles
The results of the particle size and zeta potential of the micellar solutions are shown in Table 1. The mi-
celles containing AITC exhibited size greater than the micelles without AITC. The particle size distribu-
tion of MS10+AITC and MS10 micelles was polydisperse while to the MS15+AITC and MS15 micelles was 
monodisperse. The zeta potential of the micellar solutions containing AITC was negative and smaller 
(in absolute value) than the micelles without AITC.

Encapsulation efficiency in micellar solutions
The Table 1 shows the encapsulation efficiency of AITC in the micelles. It was observed that about 97% 
and 99% was loaded in MS10+AITC and MS15+AITC micelles, respectively.

Table 1. Mean particle size, polydispersion index, zeta potential and percentage of AITC encapsulation

Size
(nm)

PI Zeta potential
(mV)

% of encapsulation

MS10+AITC 44.7 ± 6.18 0.65 ± 0.07 - 4.81 ± 2.31 97.0%

MS15+AITC 88.1 ± 25.46 0.28 ± 0.01 - 10.80 ± 5.13 99.0%

MS10 5.3 ± 0.27 0.42 ± 0.03 - 11.20 ± 4.64 -

MS15 6.3 ± 3.19 0.27 ± 0.11 - 12.30 ± 5.14 -

The values represent the means ± standard deviation. MS10+AITC: 10% F127 + AITC; MS15+AITC: 15% F127 + AITC; 
MS10: 10% F127; MS15: 15% F127, AITC: allyl isothiocyanate; PI= polydispersion index.
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Cytotoxicity and cell proliferation
As shown in Figure 1-A, increased cytotoxicity rate was observed only after treatment with the highest 
concentration of MS15+AITC tested (0.5 μM) in T24 cells. No significant decrease in cell viability was 
observed after treatment with MS10+AITC or free AITC.

Figure 1-B shows significant reduction of cell viability only after treatment with MS15+AITC at 0.5 μM 
in RT4 cells. Moreover, increased citotoxicity rates after treatment with MS10+AITC at concentrations 
above 0.0925 μM were observed. No decrease in cell viability was detected after treatment with free 
AITC.

Forty eight hours after treatment, T24 cells showed significant decrease of cell proliferation at all con-
centrations tested of MS10+AITC (except 0.0625 and 0.0725 μM) and at 0.005, 0.0625, 0.0725, 0.125, 0.25 
and 0.5 μM of MS15+AITC. Inhibited cell proliferation was not observed after treatment with free AITC 
(Figure 2-A). To RT4 cells, all concentrations of MS10+AITC and MS15+AITC significantly inhibited the 
cell proliferation. Treatment with free AITC reduced the cell proliferation only at concentrations of 0.25 
and 0.5 μM (Figure 2-B).

Figure 1. Percentage of viable T24 (A) and RT4 (B) cells (logarithmic scale) 24 hours after treatment with free AITC 
and micellar solutions contain AITC. MS10+AITC: 10% F127 + AITC; MS15+AITC: 15% F127 + AITC. * p < 
0.05 compared to the control. Each point represents the mean values ± standard deviation obtained from 
three experiments.
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Figure 2. Percentage of viable T24 (A) and RT4 (B) cells (logarithmic scale) 48 hours after treatment with free AITC 
and micellar solutions contain AITC. MS10+AITC: 10% F127 + AITC; MS15+AITC: 15% F127 + AITC. * p < 
0.05 compared to the control. Each point represents the mean values ± standard deviation obtained from 
three experiments.

Cell Morphology
The phase-contrast photomicrographs of the RT4 and T24 cells showed a lower number of cells after 
treatment with MS15+AITC. Additionally, elongated T24 cells after treatment were observed (Figure 3).

Figure 3. Photomicrography of RT4 and T24 cells before and after MS15+AITC treatment. The arrows show the 
elongated cells. Phase-contrast microscope, x200.
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Cell cycle kinetics
For RT4 and T24 cells, significant increase in the number of cells in the S phase accompanied by a 
decreased number of cells in the G2/M phase was detected after treatment with MS15+AITC (Figure 4).

Figure 4. Cell cycle kinetics in bladder carcinoma cell lines RT4 and T24 treated with MS15+AITC. Percentage of cells 
in the sub-G1, G0/G1, S and G2/M phases are expressed as the mean ± standard deviation from triplicate. 
* p < 0.05 compared to the control.

Clonogenic survival
The result of the clonogenic survival assay showed significant decrease of number of colonies in RT4 
and T24 cell culture after treatment with 0.0825 and 0.25 uM MS15+AITC and with free AITC (Figure 5). 
No significant difference was observed between the free AITC and the MS15+AITC treatment in relation 
to number of colonies.

Figure 5. Percentage of T24 (A) and RT4 (B) cell colonies 15 days after treatment with MS15+AITC and free AITC. 
MS15+AITC: 15% F127 + AITC. * p < 0.05 compared to the control. Each point represents the mean values 
± standard deviation obtained from three experiments.
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Discussion
The AITC selectivity has already been demonstrated. According to Bhattacharya and colleagues(17), AITC 
did not induce significant cell cycle arrest and apoptosis rates in normal cells at the concentrations that 
were highly effective against cancer cells. It was suggested that AITC may be delivered more readily to 
bladder cancer tissue than to the normal bladder tissue. The normal bladder epithelium has protective 
mechanisms, which include tight junctions, thickened apical membrane and coverage by a mucopoly-
saccharide layer. Probably, these protective barriers do not exist in the bladder cancer cells(18). The use 
of a micellar formulation could further improve this selectivity of AITC since micelles allow the passive 
delivery to tumor cells by the increased permeability and retention effect(13). Based on the information 
available of AITC effects on normal bladder cells(17), this study aimed to understand the mechanisms of 
action of micelles containing AITC on bladder tumor cells with different TP53 gene status. Attempts to 
correlate tumor chemoresistance with TP53 status have shown that the therapeutic response depends 
on the type of TP53 mutation and the treatment used(19).

F127 is a tri-block copolymer constituted by two hydrophilic and one hydrophobic chain that self-ag-
gregates in aqueous solutions to form reversible amphiphilic polymeric micelles. The hydrophobic part 
of F127 form the core where hydrophobic substances can be encapsulated, being isolated from the ex-
ternal aqueous environment by the hydrophilic shell formed by the hydrophilic part of the molecule(20). 
Polymeric micelles have a critical micelle concentration (CMC) that is the lowest concentration limit 
for polymers to produce a micelle(21). According to Stammet and colleagues(22), the F127 CMC is 2.8 µM. 
When diluted below CMC, polymer micelles are gradually disintegrated into unimers and this can affect 
the solubilizing efficacy of the formulation. For this reason, it was chosen to use the quantities of F127 
(10 and 15% w/w or 7936.5 and 1190.0 µM, respectively) that even after dilutions present concentra-
tions higher than F127 CMC.

AITC is a volatile substance and its dispersion by the cold method in F127 micellar solution could pre-
vent the loss of the drug by evaporation, since it was observed that over 97% of the AITC was retained 
in the formulations. The incorporation of AITC into F127 micelles was also evidenced by the mean size 
increase, which suggests that the drug was partitioned into the hydrophobic core of the micelles, in-
creasing the volume.

The size of the micelles is particularly important to their administration. Size variations within the nano-
meter scale can affect blood circulation time and the bioavailability of the particles into the body(23). 
During the tumor growth occurs the development of new vessels in a process known as angiogenesis. 
These vessels are generally characterized by a discontinuous endothelium with large fenestrations of 
200-780 nm, allowing to the passage of nanoparticles, different from blood vessels of healthy tissue 
that have smaller fenestrations(24). For the treatment of cancer, the desirable size of a nanocarrier is 10 
to 100 nm(25). Thus, the small size of AITC micelles (< 90 nm) can become another important advantage 
to the possible use of these formulations for bladder cancer treatment.

The zeta potential of the micelles was negative in module, before and after incorporation of AITC. It is 
well known that Pluronics® can provide steric stabilization to the colloidal systems(26). Therefore, the 
micellar systems can possess good stability since F127 polymer is able to stabilize the micelles against 
aggregation by steric interactions, even if zeta potential values were lower than -30 mV.

The cytotoxicity data demonstrated that 10% and 15% F127 micellar solutions containing AITC were 
able to potentiate the cytotoxic effect of the drug 24 hours after treatment, since no significant reduc-
tion in viability of cells treated with free AITC was detected. It is suggested that the AITC, a hydrophobic 
substance, is dispersed in the medium and captured by the cells when encapsulated in F127. The abil-
ity of the polymeric micelles to increase the aqueous solubility is due to their hydrophobic core that 
provides a suitable microenvironment to accommodate hydrophobic substances(23).

Our results showed that lower MS10+AITC concentrations were more cytotoxic to RT4 (IC50 0.06195 µM) 
than T24 (IC50 3.7345 µM) cells, 24 hours after treatment. Free AITC also was more cytotoxic to RT4 (IC50 
0.2197 µM) than T24 (IC50 2.3125 µM) cells. Influence of TP53 mutations in the cellular responses to che-
motherapy is still poorly understood, because it depends on a complex signaling cascade. However, it 
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is noticed that cells carrying the mutated TP53 gene, as T24 cells, are more resistant to chemotherapy 
because of the role this gene plays in the control of apoptosis(27,28).

After 48 hours of treatment, it was observed that F127 micelles containing AITC induced a decrease in 
cell proliferation at lower concentrations than those observed 24 hours after treatment, for both cell 
lines. This finding may suggest that the concentrations AITC-contained F127 micelles could lead to a 
decreased cell reproduction capacity, probably by a sustained lethal damage. Moreover, decreased cell 
proliferation rates were independent of TP53 status. Sávio and colleagues(10) found increased rates of 
apoptosis after 48-hour AITC treatment in RT4 and T24 cells, suggesting that AITC, probably, is able to 
induce apoptosis through TP53 independent and dependent pathways.

The morphological alterations found in T24 cells and the low cell density in both cell cultures after 
MS15+AITC treatment are suggestive of cell cycle arrest(29). Several studies have demonstrated the abil-
ity of free AITC to induce cell cycle arrest in G2/M phase in different types of tumor cell lines, including 
breast adenocarcinoma, colorectal adenocarcinoma, glioma and bladder tumor cells(10,30-32). Different-
ly, we showed that MS15+AITC induced cell cycle arrest in S phase in both cell lines. Thus, it is suggested 
that the encapsulation of AITC in micelles changes the mechanism of action of this compound regard-
ing the modulation of cell cycle, probably interfering with the DNA replication(33). On the other hand, 
free AITC is able to bind to cysteine residues and α- and β-tubulins, promoting their degradation and 
inducing cell cycle arrest in mitosis(34).

The long-term effects of free AITC and AITC-containing F127 micelles were evaluated by the clonogenic 
survival assay. This assay is used to evaluate the ability of a cell to proliferate indefinitely, retaining its 
reproductive capacity after being exposed to a substance(35). The results demonstrated that both free 
AITC and AITC-containing F127 micelles were able to generate a lethal damage with loss of the repro-
ductive potential to both bladder tumor cells. Thus, these results indicate the formulation was able to 
maintain the long-term effects of free AITC.

Therefore, the AITC-F127 micellar solutions could become an interesting approach for the treatment 
of bladder tumor, considering that this delivery system could not only maintain the long-term effect of 
the drug, preventing the undesirable effects of administration of the free AITC, but also to accelerate 
the initial antitumoral effect of AITC by interfering in the cell cycle.
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