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Introduction

Breast cancer (BC), one of the leading causes of 
death among women is a complex disease in which 
genetic, epigenetic and environmental factors are 
implicated in its initiation and progression (Al-Alem et 
al., 2021). BC is also a heterogeneous disease that can 
be subdivided depending on the enrichment status of 
hormone receptors and human epidermal growth factor 
receptor 2 (HER2), respectively. Consequently, breast 
tumors can be categorized into four different groups: (1) 
hormone receptors positive with HER2 receptor-negative 
(Luminal A); (2) hormone receptors negative with 
HER2 receptor-positive (HER2 enriched); (3) positive 
for hormone receptors and HER2 receptor (Luminal B) 
and (4) triple-negative tumors (TNBC) which lack the 
expression of any of the receptors mentioned above (Elias, 
2010). TNBC is infamously related to an increased rate 
of distant metastasis, recurrence, poor prognosis and a 
decreased overall and disease-free survival (Rakha et 
al., 2007). TNBC accounts for 15-20% of all BC cases 
(Anders and Carey, 2009) and currently, the only available 
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treatments against TNBC are limited to chemotherapy, 
radiation and surgery (Willers et al., 1997; Kutanzi 
et al., 2011), being chemotherapy the most employed 
choice (Theodossiou et al., 2019). However, the lack of 
estrogen receptor (ER) has rendered TNBC insensitive 
to treatments with antiestrogens, such as the selective 
ER modulator tamoxifen, which is widely used in BC 
chemoprevention (Fisher et al., 1998; Radmacher and 
Simon, 2000), but also as an adjuvant to primary disease 
(Love, 1989; Thomas et al., 1992). Despite the existence 
of good other chemotherapeutic agents most fail to 
differentiate between healthy cells and malignant cells, 
resulting in systemic toxicity and severe side effects 
(Love, 1989). Therefore, it is critical to develop more 
effective and less toxic strategies for anti-BC therapies, 
especially TNBC.

Among the most promising modern cancer therapies 
alternatives, photodynamic therapy (PDT) is particularly 
attractive. PDT employs a photosensitizer (PS) that upon 
irradiation at a specific wavelength, generates single 
oxygen species and other free radicals, leading to cell 
death via autophagy, necrosis or apoptosis (Firczuk et al., 
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2011). PDT is highly selective because photochemical 
reactions are extremely localized bringing significant 
clinical advantages compared to conventional cancer 
therapies (Dolmans et al., 2003; Firczuk et al., 2011).

 Among prospective PS, Hypericin (HYP) is attractive 
because of a higher PDT response (Hudson et al., 1991; 
Falk and Schoppel, 1992; Chung et al., 1994; Falk, 
1999). This property, together with minimal toxicity in 
the absence of light, selectivity for some tumors and a 
high clearance rate from the human organism, shows that 
HYP is a promising PS for PDT of cancer (Agostinis et 
al., 2002; Kiesslich et al., 2006; Karioti and Bilia, 2010). 
However, the use of HYP in PDT is limited because of the 
high hydrophobicity and aggregation in aqueous media 
and body fluid (Wirz et al., 2002; Kubin et al., 2008). It 
is thus essential to use drug delivery systems (DDSs) to 
overcome this shortcoming (Saw et al., 2006; Tatischeff 
et al., 2011). 

Pluronic copolymers, like Pluronic F127 and P123 
are well known in the biomedical field (Alexandridis et 
al., 1994). These copolymeric micelles are important to 
solubilize, protect and increase the bioavailability of the 
encapsulated compound (Kabanov et al., 2002; Sezgin et 
al., 2006; Swain et al., 2016). Pluronic F127 is considered 
one of the most suitable for biomedical applications due 
to its low toxicity and ability to encapsulate hydrophobic 
agents (Alakhov et al., 1996). Additionally, F127 enhances 
pro-apoptotic signaling, thereby sensitizing tumor cells 
and making them more vulnerable to the effects of 
anticancer drugs (Alakhov et al., 1996; Melik-Nubarov 
et al., 1999; Kabanov et al., 2002). Despite our previous 
studies presented the high efficiency of HYP-loaded 
pluronic P123 against Caco-2, MCF-7, HeLa, SiHa, 
CasKi and C33A cells (Montanha et al., 2017; Damke 
et al., 2020a; Damke et al., 2020b), as far as we know, 
the activity of HYP encapsulated with F127 (F127/HYP) 
against TNBC is unknown.

To continue and expand our studies, we investigated 
the effects of HYP encapsulated on Pluronic F127 (F127/
HYP) PDT inBC cell line MDA-MB-231 (triple negative 
tumor cell/TNBC) compared to a nontumorigenic human 
breast ductal normal cell line (MCF-10A). 

Materials and Methods

Photodrug synthesis andpreparation of HYP-loaded 
Pluronic F127 micelles

HYP was synthesized by Research Nucleus in 
Photodynamic Systems and Nanomedicine (NUPESF) 
in accordance with the previous report (Gonçalves et al., 
2017). The nanoencapsulation of HYP in F127 copolymeric 
micelles was performed by the solid dispersion method 
(Zhang et al., 1996). Briefly, HYP and copolymer were 
initially solubilized in ethanol. The HYP stock solution 
was standardized using UV-Vis spectroscopy (UV–Vis 
Beckman Coulter DU® 800, USA) according to the 
Lambert-beer law and the volume added to the F127 
solution calculated to obtain the HYP concentration of 
100 µmol/L in the formulation and the mass of F127 was 
added to obtain a concentration equal to 250 µmol/L. 
Then, a solid dispersion consisting of F127/HYP was 

obtained after ethanol removal using rotary evaporation 
under reduced pressure. The solid matrix was maintained 
for 24 h in a sterilized desiccator under reduced pressure 
before adding water and stirring for 2 h. The concentration 
of HYP in the aqueous formulation was monitored using 
UV-vis spectroscopy to certify reproducibility in the 
preparations. The F127/HYP (100 µmol/L HYP/250 
µmol/L F127) formulation was lyophilized and hydrated 
with sterile phosphate buffered saline (PBS) immediately 
prior to each experiment.

Spectroscopic characterization of F127/HYP-loaded 
copolymeric micelles 

To better evaluate the HYP molecular organization 
and to evaluate the incorporation into the copolymeric 
micelle of F127, electron absorption spectra and 
fluorescence emission spectra (λexc = 525 nm, slits 5/5, 
optical path 1.00 cm) were monitored at 30°C. Briefly, 
the same F127/HYP molar ratio was reproduced which 
HYP 2.5 µmol/L due to the sensibility limit of the Uv-vis 
spectroscopy (UV–Vis Beckman Coulter DU 800, USA) 
and fluorescence emission. The spectra were collected 
at 37°C and compared to spectrum exhibits solubilized 
in ethanol.

Light source
The cell culture plates were illuminated throughout 

their area with a light-source device with 66 light-emitting 
diode (LED) units emitting white light at 6.3 J/cm2 
(wavelength range from 450 to 750 nm). All tests were 
performed in the dark.

Cell lines and culture conditions
Cells were cultivated in 25 cm2 tissue culture 

flasks at 37◦C in a humidified atmosphere containing 
5% CO2/95% air. MDA-MB-231 cells, a human 
breast invasive adenocarcinoma cell line (negative for 
estrogen, progesterone and HER2 receptors, TNBC), 
was obtained from the Cell Bank of Rio de Janeiro/
Brazil and were cultured in DMEM supplemented 
with 10% fetal bovine serum (FBS) and 1% antibiotic/
antimycotic. MCF-10A cells, a human breast ductal 
normal cell line (non-tumorigenic control cells), was 
donated by Dr. Marcelo Gialluisi Bonini (University 
of Illinois at Chicago, USA) were cultured in DMEM 
supplemented with 10% FBS, 1 % antibiotic/antimycotic, 
20 ng/mL human epidermal growth factor, and 0.5 µg/mL 
hydrocortisone. Sub culturing of the cells was performed 
using 0.25% trypsin. All reagents were purchased from 
Sigma-Aldrich (USA).

Cytotoxicity and phototoxicity
Cell cytotoxicity and phototoxicity were evaluated 

by (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide) (MTT) (Damke et al., 2020a). A total of 2.5×105 
cells/mL (MDA-MB-231 and MCF-10A cells) were 
seeded per well in a 96-well plate and incubated overnight. 
At the end of each incubation period, cells were treated 
with different concentrations of F127/HYP (0.4 - 2.2 
µmol/L HYP and 1 - 5.5 µmol/L F127) and incubated for 
30 min in the dark to evaluate cytotoxicity. To evaluate the 
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a non-fluorescent dye H2DCFDA to highly fluorescent 
2’,7’-dichlorofluorescein (DCF), based on a previously 
described protocol with some modifications (Damke et 
al., 2020a). The fluorescence was measured at 488/530 
nm of excitation/emission using an inverted fluorescence 
microscope (EVOS FL, Life Technologies, USA).

Evaluation of the PDT mechanism
Sodium azide (SA) and D-mannitol (DM), a separately 

specific 1O2 and hydroxyl radicals, were used to perform 
these experiments. Briefly, the test was divided into 
three groups including: 1 - IC30 value of F127/HYP; 2 
- IC30 value of F127/HYP and 20 mmol/L SA solution; 
and 3 - IC30 value of F127/HYP and 40 mmol/L DM 
solution (Damke et al., 2020b). The cells (2.5×105 cells/
mL) were seeded in 96-well plates and incubed for 24 h. 
Cell viability was determined by MTT assay. 

Wound-healing migration assay 
MDA-MB-231 cells (2.5×104 cells/mL) were seeded 

in 6-well tissue culture plates for 24 h. The cells were 
scratched with a sterile 1,000 μL pipette tip, washed with 
PBS and treated with IC30 and IC50 values of F127/HYP 
(30 min in the dark, illuminated for 15 min and then in 
the dark for 30 min). Cell migration was observed under 
an inverted microscope (EVOS FL, Life Technologies, 
USA; 5× magnification). Calculations were performed 
using the following formula: (Wound healing, WH % area) 
= [(Sample*100)]/Negative control at 0 h, 24 h, and 48 h 
(Liang et al., 2007).

Statistical analysis
Results were expressed as the mean ± SD from three 

independent experiments in triplicates. The data were 
analyzed using GraphPad Prism® 6 through one-way 
ANOVA for different groups followed by Tukey’s–Kramer 
multiple range test. P < 0.05 was accepted as statistically 
significant. 

Results 

Spectroscopic characterization of HYP-loaded 
copolymeric micelles of F127

After HYP incorporation in the F127 copolymeric 
micelles, the resulting formulation with a concentration 
of 100 µmol/L HYP/250 µmol/L F127 was analyzed by 
fluorescence and spectroscopy to elucidate its monomeric 
form, in comparison to HYP in ethanol whenever necessary. 
The interactions with light enable data acquisitions at the 
molecular level about the HYP molecular organization. 
Intermolecular interactions and self-aggregation can 
be monitored through electronic absorption spectra 
and fluorescence emission of the HYP-loaded F127 
copolymeric micelles. Figure 1 shows UV-Vis spectra of 
HYP solubilized in ethanol and nanoencapsulated in the 
F127 copolymeric micelles at 30°C.

The spectral profile similarity of HYP exhibited 
in ethanol and formulated with F127 indicates its 
predominance of soluble form in the nanostructured 
copolymeric micelles. Also, the spectroscopic 
characteristics of HYP formulated in copolymeric micelles 

phototoxicity after this incubation, the cells were exposed 
to a light source for 15 min and then incubated in the dark 
for 30 min. Cells treated with DMEM (non-treated: NT) or 
F127 alone (5.5 µmol/L) were used as controls. After the 
treatment, the cells were washed with 100 μL of PBS and 
50 μL of MTT solution (2 mg/mL) was added to each well 
and incubated in the dark at 37°C with 5% CO2 for 4 h. At 
the end of incubation the resulting formazan was dissolved 
in 150 μL of DMSO and the absorbance was measured at 
570 nm using a microplate reader (Loccus, Cotia, Brazil).
The inhibitory concentrations (IC), IC30 (concentration 
that inhibited cell growth by 30% compared to NT), 
IC50 (inhibited cell growth by 50%) and IC90 (inhibited 
cell growth by 90%) values were obtained by nonlinear 
regression analysis of the data using GraphPad Prism 6.0 
(GraphPad Software, San Diego, USA).

Clonogenic assay
MDA-MB-231 cells were seeded in 6-well plates 

(0.6×103 cells/well) and cultured for 24 h. After, the cells 
were treated with F127/HYP (IC30 and IC50 values) for 30 
min in the dark, illuminated for 15 min and then in the 
dark for 30 min, and maintained in culture for 7 and 14 
days. The medium was replaced three times every week. 
Cells were further stained with crystal violet (0.5% w/v) 
for colonies counting. The results were calculated (number 
of colonies formed by NT cells /number of cells seeded) 
X 100 (Franken et al., 2006). 

Cellular uptake and subcellular distribution
To cellular uptake, MDA-MB-231 (2.5×104 cells/mL) 

were seeded in a 24-well tissue culture plate and incubated 
overnight. Then, the cells were treated with F127/HYP or 
HYP alone (1 µmol/L HYP/dimethyl sulfoxide-DMSO) 
for 30 min. Fluorescence images were analyzed and 
acquired on an EVOS FL microscope (Life Technologies, 
USA) with an RFV (red) filter. 

To subcellular distribution, after the same incubation 
period and conditions, MDA-MB-231 cells (1.5×105 
cells/mL) were incubated for 1 h with specific subcellular 
probes (Invitrogen, USA) including MitoTracker 
(mitochondria), ER-tracker (endoplasmic reticulum), 
NucBlue (nucleus) and for 30 min with F127/HYP. 
Fluorescence images were acquired using an EVOS FL 
microscope (Life Technologies, USA) with a blue (DAPI), 
green (GFP) and red (RFP) filters. 

Cell death pathways 
Apoptosis and necrosis assays were assessed by 

Annexin V-FITC/propidium Iodide (PI) based on a 
previously described protocol with some modifications 
(Damke et al., 2020a). Fluorescence images were acquired 
on an EVOS FL microscope (Life Technologies, USA) 
to distinguish the apoptotic (green fluorescence) and 
necrotic cells (red fluorescence). Fluorescence intensity 
was measured by ImageJ software (v1.48, public domain, 
National Institute of Health, USA). 

Detection of total ROS levels
Intracellular ROS levels were detected based on an 

increase in the fluorescence caused by the conversion of 
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of F127 indicated the solubilization of HYP. 

Cell viability analysis of tumoral and non-tumoral cell 
lines after treatment

Since the HYP was efficient solubilized after 

incorporation in the F127 copolymeric micelles, it may be 
used as a potential anticancer agent. To study the effects of 
F127/HYP PDT against tumor cells as well as in normal 
cells, we exposed MDA-MB-231 cells (TNBC) compared 
to a non-tumorigenic human breast ductal cell line (MCF-

 

 

Figure 1.  

Figure 1. UV-Vis Spectra of HYP Solubilized in Ethanol and Nanoencapsulated in the Copolymeric Micelles of F127. 
(A) The UV–Vis electronic absorption and in (B) the fluorescence emission (λexc = 525 nm, slits 5/5, optical path 1.00 
cm, pH 6.1 ± 0.3 at 30  °C). Spectral profile of absorbance and emission of HYP (100 µmol/L) solubilized in ethanol 
and formulated in the F127 copolymeric micelles (250 µmol/L). 

Figure 2. Cytotoxicity and Phototoxicity of F127/HYP Micelles (μmol/L) on MDA-MB-231 and MCF-10A Cell 
Lines, Evaluated by MTT Assay. (A) Graph of cytotoxicity indicating that the viability of MDA-MB-231 and MCF-
10A cells after exposure to F127/HYP in the absence of light did not change. (B) Graph of phototoxicity showing 
a significant decrease in MDA-MB-231 cell viability, more than in MCF-10A cells. *, **, ***P < 0.05 vs NT was 
considered significant. 
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10A), to increasing doses of F127/HYP in the absence of 
light (Figure 2A) or under light illumination (Figure 2B), 
which were evaluated by MTT assay. Overall, the solution 
containing only the F127 copolymer did not present any 
cytotoxic effect to the cells in the presence (Figure 2B) 
and absence of light (Figure 2A). The same occurred in 
all the cell lines exposed to the light without the presence 
of F127/HYP (NT), indicating that the illumination 
itself does not cause cytotoxic effects to the tested cells 
(Figure 2B). As seen in Figure 2A, when the cytotoxicity 
(absence of light) of F127/HYP was evaluated, there 
was no decrease in cell viability in all cell lines. On the 
other hand, F127/HYP micelles presented a significant 
dose-dependent cytotoxic effect against tumor cells after 
illumination but not on normal cells (Figure 2B). More 
specifically, the phototoxic effect was observed from 
the first concentration tested (0.4 µmol/L) in MCF-7 (P 
=0.0003) and MDA-MB-231 (P =0.0010) tumor cells. In 
addition, in the non-tumor cell line MCF-10A, the viability 
decreased significantly only from the third concentration 
tested (0.8 µmol/L, P =0.0270) but was not sufficient for 

the calculation of IC values, which were > 2.2 µmol/L. 
Taken together, these data indicate that F127/HYP PDT 
exerted selective concentration-dependent phototoxic 
effects against the tumor cell line tested, with an IC50 of 
2.0 µmol/L for MDA-MB-231 cells (Table 1). 

Next, the clonogenic cell survival assay was performed 
to analyze the ability of the cells to proliferate indefinitely, 
thereby retaining the reproductive ability to form a 
large colony or a clone after F127/HYP PDT. For 
MDA-MB-231 cell line, the clonogenic potential was 
significantly reduced at the tested concentrations (P 
<0.0001) after illumination for 7 and 14 days of incubation 
with IC30 and IC50 compared to NT. Additionally, the 
reduction was complete, with no colony growth after 
treatment (Figure 3). 

F127/HYP cells internalization and subcellular 
localization after treatment

In The presence of intracellular F127/HYP was 
observed through the emitted fluorescence in the RFV 
(red) filter, as seen in Figure 4. It was possible to observe 

Figure 3. The Effect of Exposure to F127/HYP PDT in MDA-MB-231 Clonogenicity in 7 (A) and in 14 (B) Days. The 
photos indicate that the exposure to F127/HYP PDT completely inhibited the formation of MDA-MB-231 colonies. 
The (****) marks statistical significance when comparing groups of treated cells (IC30 and IC50) with NT for 7 or 14 
days. ****P <0.05 was considered significant.

Figure 4. Intracellular Uptake of F127/HYP was Visualized by Fluorescence Inverted Microscopic with RFV (red) 
Filter after Incubating MDA-MB-231 Cells with F127/HYP (A) or HYP/DMSO (B) for 30 min (20x magnification).
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that the intensity of the emitted fluorescence by HYP on 
tumor cell line treated with F127/HYP micelles (Figure 
4A) was higher than treated with free HYP (solubilized 
in DMSO) (Figure 4B). In addition, fluorescence was 
observed in the cytoplasm of tumor cells (Figure 4A). 

When the cells were exposed to free HYP, it was not 
possible to verify red fluorescence inside the cells (Figures 
4A-B). 

The subcellular localization of F127/HYP in 
MDA-MB-231 cells was analyzed by specific probes for 

Figure 5. HYP Subcellular Localization in MDA-MB-231 Cells after Treatment with F127/HYP Micelles for 30 min and 
co-Stained with Specific Organelle Probes for Mitochondria (MitoTracker, green), Endoplasmic Reticulum (ER-tracker, 
green), and Nucleus (NucBlue, blue). Fluorescence imaging and photomicrographs at 20x magnification.

Figure 6. Death Pathways Induced by F127/HYP PDT in MDA-MB-231 Cells. Representative figures of MDA-MB-231 
cells exposed to F127/HYP (IC50) after illumination that were stained with the apoptosis marker annexin V (green 
fluorescence) and the necrosis marker propidium iodide (PI) (red fluorescence). Positive (Camptothecin) and negative 
(Digitonin) controls were used for apoptosis and necrosis, respectively (20x magnification).
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ER, mitochondria and nucleus. Figures 5 shows that the tumor cells presented high fluorescence of mitochondria 
and ER.

Cell death induced by F127/HYP-mediated PDT 
The occurrence of necrosis and/or apoptosis following 

PDT depends on HYP subcellular location (Thomas et 
al., 1992). Therefore, considering that HYP was sub-
localized in the ER and mitochondria, we evaluated the 

Figure 7. Total ROS Production Induced by F127/HYP PDT (IC50) in the MDA-MB-231 Cells. The untreated (NT) 
tumor cells presented no fluorescence and there was no ROS production. The treated tumor cells presented high 
fluorescence, indicating the generation of ROS induced by F127/HYP PDT.

Figure 8. Cell Viability of F127/HYP IC30 Values of the Two Groups Tested with SA and DM was Higher than 
those Treated Only with F127/HYP IC30 Values. The (*) (**) (***) marks statistical significance and P < 0.05 was 
considered significant.

Figure 9. Effects of F127/HYP Exposure against Breast Cancer Cells Migration. (A) MDA-MB-231 cells after 
scratching in the absence (NT) and presence of F127/HYP (IC30 and IC50) (20x magnification). (B) Graph shows 
the mean (%) of the results calculated by comparing the wound closure after 24, 48, and 72 h with the wound 
measurement at the initial time. *P <0.05 was considered significant.

Cell line IC30 (µmol/L) IC50 (µmol/L) IC90 (µmol/L)
MDA-
MB-231

1.20 2.00 3.60

Table 1. Values of Inhibitory Concentrations (IC) 
According to Cell Viability Determined by MTT Assay.
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type and extent of cell death involved in cells treated with 
F127/HYP PDT via an Annexin V-FITC/PI fluorescence 
assay. PI detects necrosis (red fluorescence) and annexin-V 
detects apoptosis (green fluorescence). As shown in 
Figure 6, F127/HYP PDT exposition induced cell death 
by necrosis in MDA-MB-231 cells. 

ROS production and PDT mechanism induced by F127/
HYP

We first evaluated the total ROS production based 
on fluorescence emission, which is occasioned by the 
conversion of a non-fluorescent dye H2DCFDA into 
DCF, which is fluorescent. Figure 7 shows the bright field 
images and their corresponding fluorescence images of the 
NT tumor cells that presented no fluorescence, indicating 
the absence of ROS production, thus, no oxidative stress. 
On the contrary, cells treated with 0.4 µmol/L of F127/
HYP presented high fluorescence, indicating the high 
production of ROS.

In order to visualize the photochemical processes 
mechanism of F127/HYP PDT, SA and DM, a separately 
1O2 scavengers and hydroxyl radicals (HR) scavengers 
were used to quench corresponding ROS of Type II and 
Type I originated from PDT and distinguish the two types 
of photodynamic reaction. When adding SA and DM into 
the culture medium, corresponding ROS generated from 
F127/HYP induced PDT process would be quenched, 
resulting in lower photodynamic activity and subsequently 
increasing cell viability (Liang et al., 2007). As shown in 
Figure 8, the cell viability of the two groups tested with SA 
or DM was higher than those treated only with F127/HYP 
IC30 values, suggesting that the key ROS have generated 
in both tumor cell lines after treatment with F127/HYP-
PDT and been quenched effectively. In addition, the cell 
viability of F127/HYP -PDT-SA group was slightly higher 
than that of F127/HYP -PDT-DM group also in both tumor 
cell lines, suggesting that the production of singlet oxygen 
is more than that of oxygen-centered radicals. 

Effects on cell migration after F127/HYP-mediated PDT 
We evaluated the ability of BC cells treated with F127/

HYP PDT to migrate using the wound-healing assay. The 
reduction in cell migration after treatment was significant 
at 24, 48 and 72 h at both concentrations tested (IC30 and 
IC50) (P <0.0001). The untreated MDA-MB-231 cells 
closed within 24 h (Figure 9). 

Discussion

In this study, we investigated the effects of HYP 
encapsulated on Pluronic F127 (F127/HYP) PDT in BC 
cell line MDA-MB-231 (triple negative tumor cell/TNBC) 
compared to a nontumorigenic human breast ductal normal 
cell line (MCF-10A). 

In relation to F127/HYP micelles, the spectroscopic 
characteristics of HYP formulated in copolymeric micelles 
of F127 indicated the solubilization of HYP and the 
promising application of this biocompatible copolymer 
as DDS for HYP.

In relation to in vitro analyses, our results showed 

that F127/HYP micelles presented effective and selective 
time- and dose-dependent phototoxic effects against 
BC cells but little damage to normal cells (MCF-10A). 
These data highlight the selective effect of HYP micelles 
against cancer cells, similar to other in vitro (Chen and 
De Witte, 2000, Roelants et al., 2011, Vandepitte et al., 
2011, Xu et al., 2019) and in vivo (Jedzelovská et al., 
2016) studies. Additionally, our data are in agreement 
with our previous study in which HYP in P123 micelles 
PDT presented a selective effect in MCF-7 but not in 
MCF-10A normal cells (Damke et al., 2020a). Based on 
the investigation mentioned above, it is clear that F127/
HYP presents a strong photodynamic activity with no dark 
toxicity and provides potential application in PDT against 
BC. Additionally, the results indicated that F127/HYP 
PDT decrease long-term cells proliferation, suggesting a 
possible ability to prevent the recurrence of TNBC. Taken 
together, these results show that F127/HYP micelles PDT 
presented a selective dose-time-dependent phototoxic 
effect and decreased colony formation on both tumor cells, 
highlighting their potential for PDT of TNBC.

In order to perform the in vivo PDT, the PS should 
be able to enter tumor cells. Cancer cells should uptake 
a PS successfully in PDT (Saw et al., 2006). Therefore it 
is vital to study the interaction between a F127/HYP and 
the cell membrane. Hydrophobicity of drugs has a great 
influence on cellular uptake and determines the ability 
of the drug to penetrate the cell membrane. In general, 
highly lipid soluble drugs can penetrate the cell membrane 
easily (Zeng et al., 2019). Our designed F127/HYP 
micelles presented selective internalization in the tumor 
cells. Based on this investigation, we inferred that F127/
HYP micelles exhibited a higher capacity to permeate the 
cytoplasmic membrane and to internalize preferably in 
the cytoplasm of the tumor cells compared to free HYP. 
Thus, the entry of HYP into the TNBC was facilitated by 
the F127 (Saw et al., 2006). 

Moreover, F127/HYP micelles accumulated in ER and 
mitochondria, resulting in cell death by necrosis. Crucial 
parameters to determine the photocytotoxic activity of 
HYP are the cell permeability and subcellular localization. 
It is clear that the final destination of HYP in the cell will 
determine its apical molecular targets and will influence 
the photocytotoxic profile. This is because, within the 
cellular milieu, 1O2 and the majority of other ROS have 
extremely short lives and small radii of diffusion due 
to their rapid interaction with biological targets; this 
interaction ultimately leads to modification of the cellular 
functionality and potentially cell death (Theodossiou et 
al., 2009). Our data shows that the tumor cells presented 
high fluorescence of mitochondria and ER, in agreement 
with other studies (Agostinis et al., 2002, Kascakova et 
al., 2008, Theodossiou et al., 2009). Additionally, tumor 
cells not presented HYP fluorescence of the nucleus, as 
previously described (Agostinis et al., 2002).

Considering the results of cellular uptake and 
subcellular distribution of F127/HYP micelles, we can 
infer that the problem of HYP hydrophobicity (Wirz et 
al., 2002, Kubin et al., 2008) was efficiently overcomed 
with the Pluronic F127 encapsulation.
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In relation to cells death, F127/HYP PDT exposition 
induced cell death by necrosis in MDA-MB-231 cells. 
It’s already well-established that generally PSs located in 
the mitochondria or the ER promote apoptosis, within a 
certain threshold of oxidative stress, while PDT with PSs 
targeting either the plasma membrane or lysosomes can 
either delay or block the apoptotic program predisposing 
the cells to necrosis (Diwu and Lown, 1993). However, 
our result can be explained by the fact that depending 
on the strength of the photodynamic process (e.g., light 
dose and dye concentration) HYP may inflict severe 
damage to the mitochondria leading to a bioenergetic 
collapse which favors necrotic cell death or diminish 
their defenses against cell death pathways, perturbing the 
mitochondrial membrane integrity (Theodossiou et al., 
2009). Furthermore, necrosis was the predominant death 
pathway due HYP PDT in our previous studies with HYP 
(Damke et al., 2020a, Damke et al., 2020b) and also in 
studies conducted by other authors (Okpanyi et al., 1990, 
Mikes et al., 2009). 

Excessive ROS production during PDT leads to 
oxidative stress and may trigger the induction of apoptosis, 
necrosis or autophagy associated cell death. Our results 
indicating indicating the high production of ROS similar 
to the study of Damke et al., 2020a, with HYP/P123 PDT 
in MCF-7 cells.

Total ROS production due to PDT can occur through 
two mechanisms known as type I and type II. In type 
I pathway, the excited triplet state can react with the 
biomolecules by transferring charges, resulting in radicals 
and radical ions that react with molecular oxygen, leading 
to the generation of ROS including superoxide anions 
(O2

−), singlet oxygen (1O2), hydroxyl radicals (HO) and 
hydrogen peroxide (H2O2). In type II pathway, the direct 
energy transfer occurs from the PS in the triplet excited 
state to the oxygen in the fundamental triplet state, 
producing 1O2, a highly cytotoxic agent (Liang et al., 
2007). In this sense, type II reaction played a predominant 
role in the process of F127/HYP induced PDT. Moreover, 
Type I and Type II photodynamic reactions can occur 
simultaneously in PDT process (Siboni et al., 2002, 
Mikes et al., 2007). However, direct and indirect evidence 
supports a prevalent role for 1O2 in the molecular processes 
initiated by PDT (Niedre et al., 2002) as detected by 
us. Additionally, it has been suggested that the type II 
mechanism is the one to play a major role in the biological 
photoactivity of HYP, which is also in line with our results. 
Taken together, our data reinforced that the PDT activity 
using the F127/HYP increased cellular oxidative stress in 
the TNBC cell line mainly via type II mechanism of PDT.

Finally, F127/HYP micelles inhibited the migration 
and invasion of tumor cells, evidencing the potential of 
PDT with F127/HYP in preventing the migration of TNBC 
cells, possibly by decreasing their metastatic potential. 
This is an important finding because MDA-MB-231 cells 
are derived from TNBC, which is a highly aggressive and 
highly metastatic cancer (Anders and Carey, 2009) and 
F127/HYP PDT emerges as a very promising alternative 
for the treatment of this BC type.

In conclusion, this paper reports the in vitro PDT of 

HYP encapsulated on Pluronic F127 (F127/HYP) against 
MDA-MB-231 cells, compared to the nontumorigenic 
MCF-10A cells. Taken together, the results presented here 
indicate a potentially useful role of F127/HYP micelles as 
a valuable platform for HYP delivery to more specifically 
and effectively treat TNBC, by PDT.
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