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Introduction 
Breast cancer is the most prevalent solid tumor worldwide, and it 

has been the most commonly diagnosed malignancy in women since 
the 1990s, being the second most common cause of death in women 
[1]. Around 20% of patients with early-stage breast cancer develop 
metastases within five years after the initial diagnosis. The survival 
of these patients varies significantly, with median of nine months to 
three years [2]. The treatments recommended for breast cancer include 
both local and regional protocols such as surgery and radiotherapy, and 
systemic procedures, such as chemotherapy and hormonal therapies. 
In most of them, there is much functional impairment and low 
selectivity for tumor, leading to immunosuppression and clinical signs 
of weakness, which limit the therapeutic outcomes [3,4].

In order to minimize the side effects, Photodynamic Therapy 
(PDT) has been proposed as a therapeutic option for breast cancer 
management [5,6]. PDT is clinically approved, and widely used for 
malignant and nonmalignant lesions in various locations, such as skin, 
head and neck, and esophagus. For breast cancer, the literature presents 
the usefulness of PDT in different reports involving in vitro [7,8], pre-
clinical [9,10], and even clinical reports with the treatment of recurrent 
and metastatic lesions [11], describing PDT as useful tool for breast 
cancer management. 

PDT requires the action of three main components: (I) 
photosensitizer drugs; (II) harmless light in specific wavelengths; 
and (III) molecular oxygen. The mechanism involves photosensitizer 
(PS) light exposure that promotes an increase in PS energy levels to 
an excited singlet state. This excited PS form can return to its ground 
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Abstract
Breast cancer is the most prevalent solid tumor worldwide, being the second most common cause of death in 

women. Treatments recommended for breast cancer include both local and regional protocols such as surgery and 
radiotherapy, and systemic procedures, such as chemotherapy and hormonal therapies. In most of them, there is much 
functional impairment and low selectivity for tumor, leading to immunosuppression. Alternatively, some new protocols 
such as Photodynamic therapy (PDT) has been proposed as a therapeutic option for breast cancer management. One 
of the promising features related to PDT is immune activation against tumor cells. Thus, considering the importance of 
immunological activation against tumor cells after PDT, the aim of this study was to evaluate the expression of local and 
systemic inflammatory cytokines in breast cancer-bearing mice after PDT application, mediated by the photosensitizer 
aluminium-chlorine-phtalocyanine (AlClPc) in liposomal formulation (Lipo-AlClPc). In addition, we evaluate the efficacy 
of this PDT protocol in the treatment of murine mammary carcinoma cell line – 4T1 in in vitro and in vivo experimental 
models. It could be observed in the present study that PDT mediated by local application of Lipo- AlClPc in the treatment 
of breast cancer in Balb / c mice acted by multiple mechanisms, including the induction of cell death by necrosis and 
due to direct oxidative damage to tumor cells and vascular shutdown. All these events contributed to the expression 
of inflammatory cytokines, resulting in a subsequent anti-tumor inflammatory response. In conclusion, PDT mediated 
by Lipo-AlClPc is capable of activating an inflammatory response, providing support to be used at least as an adjunct 
therapy to surgical treatments, allowing greater tumor control for long periods and, possibly, greater control of metastatic 
foci.

state by fluorescence emission, or, alternatively, undergoes intersystem 
crossover to a more stable triplet excited state. The excited triplet 
state can react with cellular substrate, in a Type I reaction, producing 
different types of adducts and reactive species; or the excited triplet 
PS can transfer its energy to molecular oxygen, in a Type II reaction, 
producing highly reactive oxygen species (ROS), such as singlet 
oxygen. This photochemical translation, light energy translated to ROS 
production, will promote extensive disruption of biomolecules and cell 
death in target cells [12]. 

The massive generation of ROS triggers several cellular mechanisms 
that directly induce cell death through different pathways: apoptosis, 
necrosis and/or autophagy. Cell death pathway depends on different 
factors, such as: cell type; concentration of photosensitizer; amount of 
energy; and intracellular localization of the photosensitizer [13]. Along 
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with direct cell death, PDT mechanisms include an extensive vascular 
shutdown, which reduces the nutrient supply and oxygen tension in 
the treated tissues, leading to a massive secondary necrosis. In addition 
to that, the oxidative stress produced during PDT leads to the release 
of highly immunogenic molecules, such as heat shock proteins and 
damage-associated molecular patterns that stimulate a specific immune 
response against the cancer cells [14].

This third antitumor mechanism involves a drastic change in tumor 
vasculature, which becomes permeable to blood proteins and pro-
inflammatory cells. These pro-inflammatory cells quickly and massively 
invade the tumor after PDT. The immune cells attracted by released 
immunogenic molecules and other pro-inflammatory mediators act by 
removing tissue debris, including dead and injured cells. In addition to 
that, various cytokines involved in regulating the inflammatory process 
are expressed in the tumor microenvironment. Among the most 
commonly encountered include the IL-1β, IL-6, TNF-α and TGF-β, 
being co-responsible for the induction and maintenance of acute 
inflammatory response after PDT [14,15]. 

Our research group has published some reports using Aluminium-
Chloride-Phtalocyanine (AlClPc) entrapped in nano-sized liposomes 
as a PS system to treat tumor or bacteria cells in in vitro [7,16], in vivo 
[17,18], and clinical studies [19]. In our experience with this nano-
based PS carrier (Lipo-AlClPc), we have observed the effectiveness of 
PDT in destroying the target cells, shutting down tumor vessels, and 
forming a massive presence of inflammatory cells in tumor tissues 
treated with this PDT protocol. The nanoscopic characterization of 
this nano-sized liposome has previously been published. The vesicles 
have an average size of 220 nm in a unimodal size distribution, with a 
polydispersity index of 0.25 [17]. 

Therefore, considering the three main anti-tumor effects related 
to PDT: (1) direct cell death; (2) tumor vascular shutdown; and 
(3) immune system activation, the first two have previously been 
investigated and were presented in our previous reports and in the 
results section of the present article. However, the investigation of the 
immune system activation after PDT mediated by Lipo-AlClPc has 
not been investigated until now. Thus, considering the importance of 
immunological activation against tumor cells after PDT, the aim of this 
study was to evaluate the expression of local and systemic inflammatory 
cytokines in breast cancer-bearing mice after PDT application, 
mediated by Lipo-AlClPc. In addition, we evaluate the efficacy of this 
PDT protocol in the treatment of murine mammary carcinoma cell line 
– 4T1 in in vitro and in vivo experimental models. 

Material and Methods
In vitro study

Cell culture and liposome preparation: Murine breast cancer 
cell line 4T1 was purchased from American Type Cell Collection. 4T1 
cells were routinely maintained in culture flasks (TPP, Switzerland), at 
37°C in 5% CO2, in DMEM with 100 IU/mL penicillin and 100 μg/
mL streptomycin supplemented with 10%(v/v) heat-inactivated fetal 
bovine serum (FBS – Invitrogen, USA). 

The photosensitizer used in the preparation of liposomal 
formulations was a chloro-aluminum phthalocyanine (AlClPc), with 
maximum absorption at 674 nm. The AlClPc incorporated in liposomal 
systems of L-α-phosphatidylcholine at a concentration of 0.70 mmol/L 
was prepared by the injection method with modifications. An ethanolic 
solution of 0.390 mL containing 2.61 mg of L-α-phosphatidylcholine 
(0.70 mmol/L) was prepared, and an appropriate volume of drug 

(AlClPc in ethanol) was added for a final concentration of 5.0 mM. A 
controlled peristaltic pump injected it, in addition to a phosphate buffer 
saline (pH 7.4) contained in a thermostatic jacket (final volume 5.0 
mL). The buffer solution was kept in a cylindrical container 2.0 cm in 
diameter, and the injection was performed below the liquid surface. The 
injection was performed at 57°C, which corresponds to the transition 
temperature of the lipid, under magnetic stirring in the dark and at a 
rate of 1.0 mL/sec (360 mL/h).

Dark toxicity of liposomal AlClPc: 4T1 cells were seeded on 96-
well plates at a density of 7×103 cells/ culture well. Cells were incubated 
with different concentrations (5 μM, 2.5 μM, 1.25 μM, 0.625 μM and 
0.315 μM) of AlClPc entrapped in liposomal formulation and diluted 
in DMEM without phenol red for 24 h. A control group of 4T1 cells 
was also maintained. Then, 15 μL of MTT solution (5 mg/mL in PBS) 
was added to each well. After 3 h of incubation at 37oC in 5% CO2, the 
culture medium was aspirated and 100 μL of dimethyl sulfoxide was 
added. The absorbance was monitored using a spectrophotometer with 
a microplate reader at a wavelength of 595 nm (Bio-Rad, Hercules, CA).

Liposomal AlClPc uptake: 4T1 cells were seeded on 96-well 
plates at a density of 7×103 cells/ culture well. Cells were incubated 
with liposomal AlClPc at 5 μM in culture medium DMEM without 
phenol red. After 5, 15, 30 and 60 minutes of incubation at 37ºC and 
5% CO2, the supernatants were collected and the wells washed three 
times with PBS. To each well 150 μL of DMSO was added. The reading 
fluorescence was performed in spectrofluorimeter Spectramax N5 - 
Molecular Devices. The wavelengths of excitation and emission were 
350 and 670 nm respectively. The percentage of liposomal AlClPc was 
expressed in function of initial concentration of photosensitizer.

Cellular internalization of liposomal AlClPc: After seeding 
1×104 cells in 24-well plates coated with sterile cover slips, 125 μL 
of liposomal AlClFc at 5 μM was added in DMEM without phenol 
red. Incubation was performed for 30 minutes at 37ºC, 5% CO2. The 
wells were washed with sterile PBS three times and fixed with 4% 
sterile buffered paraformaldehyde for 40 minutes. After fixation, the 
samples were dehydrated and stained with cellular markers for nucleus 
(Hoescht, 33 442, Molecular Probes, Invitrogen Excitation: Ultraviolet 
light. Broadcast: 415-450 nm) and cytoskeleton (Alexa-Fluor 488, 
Molecular Probes, Invitrogen. Excitation: 495 nm. Emission: 510 nm). 
Immediately after being prepared, the slides were analyzed on SP5 
confocal microscope (Leica, Sao Paulo, Brazil). The Smart gain, offset 
and pinhole parameters were the same for all slides.

In vitro PDT protocol: For PDT, 4T1 cells were incubated with 
liposomal AlClPc in DMEM without phenol red for 30 minutes -at 
37°C and 5% CO2. Then, culture medium containing photosensitizer 
was removed and new DMEM without phenol red with 1% antibiotic 
was added. Cells were irradiated for five minutes with 50 mW, 670 nm 
on a final dose of energy of 4.25 J/cm2. After treatment, cells were re-
incubated with DMEM supplemented with 10% fetal bovine serum 
and 1% antibiotic until the experimental times of 6 and 24 h for the 
assessments described below. 

Cell viability: MTT assay was performed in 96-well plates in initial 
cellular density of 7×103 cells/ culture well to assess mitochondrial 
metabolism of both 4T1 Control and PDT cells. Six and 24 h after the 
end of treatment, 15 μL of MTT solution (5 mg/mL in PBS) was added 
to each well. After 3 h of incubation at 37°C in 5% CO2, the culture 
medium was aspirated and 100 μL of dimethyl sulfoxide was added. 
The absorbance was monitored using a spectrophotometer with a 
microplate reader at a wavelength of 595 nm (Bio-Rad, Hercules, CA).
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Cell morphology: The morphological evaluation was performed 
in 96-well plates in initial cellular density of 7×103 cells/ culture well. 
After 6 and 24 h of treatment, cells were analyzed under contrast phase 
microscope (Zeiss Axioskop, Germany II). Photomicrographies were 
captured using Motic Image Plus 2.0 (Motic China Group CO., LTD., 
Ltd). The following aspects were qualitatively assessed: cellular density, 
cellular volume, presence of nuclear condensation, adhesiveness to the 
plate and to surrounding cells, as well as the presence of cellular debris.

Flow-Cytometry analysis: In order to analyze DNA fragmentation 
and phosphatidylserine A exposure, cells underwent a flow cytometry 
Annexin V/FITC assay. The flow cytometry analysis was performed in 
12-well plates in initial cellular density of 6×104 cells/ culture well. Six 
and 24 h after the end of treatment, cells were washed with PBS and 
resuspended in 100 μL binding buffer [10 mM HEPES/NaOH (pH 7.4), 
140 mM NaCl, 2.5 mM CaCl2]. Five microliters of Annexin-V FITC 
(Biosource, USA) were added and incubated for 15 min in the dark at 
room temperature. At this step, propidium iodide at a concentration 
of 5 μg/mL was added. The cells were analyzed using a FlowMax® flow 
cytometer and a total of 10,000 events were collected per sample.

In vivo study

Animal model and tumor induction: Balb /c female mice, aged 
between 7 and 10 weeks and weighing approximately 20-25 g were 
used. The animals were purchased from the Central Animal Facility 
of Goiânia, at the Federal University of Goiânia –(UFG). The mice 
were kept in cages with controlled temperature (23-24°C), automated 
circadian cycle and air filtration. The water and feeding were ad libitum. 
The research was approved by the ethics committee on animal research 
at the University of Brasilia (UNB). 

4T1 cells were inoculated in the left flank region of the female Balb/c 
mice. Under general anesthesia with Ketamine 80 mg / kg and Xylazine 
10 mg / kg, 50 μL of DMEM culture medium without supplementation 
containing 2×104 cells was injected subcutaneously. The mice were 
evaluated daily. After tumors reached a volume of 70-100 mm3 the 
treatment and analysis were initiated. The experimental groups were 
divided into Tumor animals (tumor induction, without treatment, 
n=10) and PDT animals (tumor induction, with PDT mediated with 
liposomal AlClFc, n=20). A control group with animals without tumors 
was included for cytokine analyses. 

PDT protocol: After tumor growth, the mice underwent general 
anesthesia with ketamine 80 mg / kg and xylazine 10 mg / kg. The 
therapeutic regime employed consisted of peritumoral injection 
of liposomal AlClPc at 10 mg / kg. After 15 minutes the tumor was 
irradiated at 670 nm, 50 mW and total irradiation dose was 72 J/
cm2. This regimen was performed three times with a 72-hour interval 
between sessions.

In vivo and histophatological analysis: Tumor volume was 
determined as (Length) × (width2) × 0.5, previously described [20]. The 
values   were measured before each treatment session and before mice 
were euthanized. Comparison within the experimental groups was 
performed by variation in tumor volume. The body weight of the mice 
was also measured during the experimental time interval.

Twenty-four hours after the last PDT session,  the animals in 
the Tumor and PDT groups  underwent euthanasia. Tumors were 
collected for  histopathological analysis (each group, n=5).  Tissues 
were dissected and fixed in buffered paraformaldehyde 4% solution at 
room  temperature for 2h. After that, samples underwent  histological 
processing in Histo-Tec  DM-20 (Oma,  Sao Paulo,  Brazil).  Tissues 

were embedded in paraplast and histological sections were performed 
in  ultra-microtome RM2125RT  (Leica,  Sao Paulo,  Brazil)  with 
5 μM thickness. The slides were stained with hematoxylin and 
eosin (H  & E), and analyses were  performed  by an optical 
microscope  (Zeiss  Axioskop  II, Germany). Photomicrographs  were 
captured with a Motic Image Plus 2.0 computer program (Motic China 
Group CO., Ltd).

Cytokine expression: Six, 24 and 72 hours after the end of the 
therapeutic regimen, the animals were anesthetized, euthanized, 
and tumors and plasma were collected and frozen at -80ºC for later 
analysis. The homogenization of tumor tissues was performed with 
a mechanical homogenizer in pellet buffer homogenate (300 mM 
sucrose; 100 mM EDTA; 0.3% Triton X-100; 1M KH2PO4; 20 mM Tris; 
cocktail of inhibitors protease - Roche; pH 7.4) on ice. The samples 
were centrifuged at 10000 rpm for 20 minutes and the supernatant 
collected for dosage of protein and cytokine analysis. Blood samples 
(1 mL) collected by cardiac puncture were centrifuged with the same 
parameter to collect the supernatant plasma. The dosage of proteins 
of tumor tissue and plasma was performed by Bradford method. The 
cytokines in tumors and plasma were expressed in pg / mg protein. 
After processing the samples, the analysis of cytokines IL-10, IL-6, IL-
1β, TNF-α and TGF-β was carried out using ELISA kits (e-Bioscience 
and BD, United States). 

Statistical analysis: All values were expressed as mean ± SD. The 
differences were analyzed by ANOVA and Tukey’s post hoc test. The 
values that were significantly different between groups at p<0.05 were 
indicated in the figures by an asterisk.

Results
In vitro 

Figure 1 describes a model of the liposome used in this article. 
The model represents the spherical nano-vesicles composed by 
a phospholipid bilayer (Figure 1A). This organization produces 
a hydrophilic aqueous inner compartment and a hydrophobic 
compartment among fatty acids chains in the phospholipid bilayer, 
where AlClPc, as an hydrophobic molecule, is placed. The chemical 
structure of Aluminium-Chloride-Phthalocyanine is represented in 
Figure 1.

Dark toxicity of liposomal AlClPc: As shown in Figure 2A, there 
was a statistically significant reduction in cell viability for all studied 

Figure 1: Liposome model containing the Aluminium-Chloride-Phthalocyanine 
(AlClPc) among the phospholipid bilayer (Section A); Chemical Structure of 
AlClPc (Sigma-Aldrich) (Section B).
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concentrations when compared to cells from the Control group. The 
reduction in cell viability ranged from 20% for concentrations of 0.31 
and 0.62 μM to 35% for the highest concentration studied – 5 μM.

Liposomal AlClPc uptake: The uptake peak of liposomal AlClPc 
in 4T1 cells was observed after 30 minutes of incubation. At this 
time, the internalization was observed of 40% of the estimated initial 
concentration of liposomal AlClPc, as shown in Figure 2B. This peak 
was statistically significant when compared to values   of 20 and 21% 
found respectively after 5 and 15 minutes of incubation. A fall in 
internalization was noted after 60 minutes to approximately 34%, and 
although this was not statistically significant in relation to 30 minutes, 
it was statistically higher in relation to the two initial times.

Cellular internalization of liposomal AlClPc: After 30 minutes 
of incubation of liposomal AlClPc in 4T1 cells, high photosensitizing 
accumulation was observed inside cells, as can be seen in Figure 3. It was 
possible to note drug diffusion across cytoplasmic extension. There was 
a higher concentration of fluorescence in the perinuclear region (Figure 
3G and H; Red Fluorescence), suggesting preferential accumulation 
in membranes of organelles. There was no nuclear photosensitizing 
accumulation. No morphological damage was observed in the 
cytoplasm, which remained intact, in nuclear conformation, with 
evident nucleoli.

Cytotoxicity assays: In the PDT group, there was a drastic reduction 
in cell metabolic activity in both experimental periods of 6 and 24 

hours post treatment, with rates of 89.96% and 92.72%, respectively 
(Figure 4A). These values   were statistically significant compared to 
the viability observed in Control cells. In Figure 4B at 6 h as well as 
24 h after treatment, 4T1 cells were analyzed by flow cytometry. PDT 
cells were doubly labeled with both annexin V and propidium iodide, 
showing, therefore, more than 60% of double staining (annexin V/
propidium iodide) at both experimental times. This result is statistically 
significant compared to the Control cells, which presented less than 
0.5% of labeling. 

Figure 4C and 4D shows the morphological characterization of cells 
from both Control and PDT treated cells, respectively. The PDT group 
presented a reduction in cellular volume, initial loss of adhesion to the 
surface of the plate and also with other cells, compared to Control cells 
at 6h after treatment. After 24 h, the difference in the cell density was 
even more evident. The cells of Control remained strongly bonded to the 
culture plate and also to each other. In contrast, the photomicrograph 
of cells of PDT showed cell death in a considerable number, resulting 
in a significant reduction in cell density and cell volume, total loss of 
adhesion and contact between cells, the presence of cellular debris, 
roughness in the cytoplasmic membrane and nuclear fragmentation.

In vivo

In vivo analysis: In Tumor mice, there was an increase of 
approximately 40% in tumor volume on day 16 and an increase of more 
than 60% at 19 days after tumor induction. In contrast, the group of 
animals treated with PDT mediated with liposomal AlClPc showed 
an initial reduction, of 7-10%, followed by a small increase in volume 
after the last treatment session, as shown in Figure 5A. The difference 
in tumor volume in both Tumor and PDT group was statistically 
significant after day 16. No difference in body weight from the three 
experimental groups was observed during the experimental period 
(Figure 5B).

After tumor dissection, there was an evident anti-vascular effect 
promoted by PDT-mediated AlClPc in liposomal formulation. In Figure 

Figure 2: Dark toxicity (Section A) evaluated after 24 hours of Lipo-AlClPc 
exposure with different AlClPc concentrations; and Lipo-AlClPc cellular uptake 
(Section B) evaluated with the 5 µM AlClPc liposome concentration after 
different exposure periodos. Letter bindicates significant differences (p<0.05) 
compared to control. 

Figure 3: Confocal fluorescent photomicroscopy of control 4T1 cells (Sections 
A, B, C, D); and Lipo-AlClPc (5 µM) (red fluorescence) cellular uptake after 
30 minutes of dark exposure (E, F, G, H). Subsections A/E; B/F; C/G; D/H 
represent, respectively, nuclear staining (Hoescht - blue fluorescent); actin 
filament staining (Alexa - green fluorescent); AlClPc (red fluorescent); and 
overlap of the previous fluorescences. 

Figure 4: Cell cytotoxicity of PDT mediated by Lipo-AlClPc. Section A 
represents 4T1 cell viability evaluated by MTT assay submitted to different 
treatments after 6 and 24 hours. Section B represents Double staining (Anexin 
V/Propidium Iodine) of 4T1 cells after different treatment after 6 and 24 hours. 
Letter bindicates significant differences (p<0.05) compared to control. Section 
C and D represents, respectively, control and PDT-treated 4T1 cell morphology 
observed in inverted light microscopy.
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6C and D, the wealth of newly formed vessels in tumors from non-
treated animals compared to animals treated with PDT is clearly noted. 
In the latter, there are clear aspects of vascular ablation, significantly 
reducing tumor irrigation and nutrition.

Histopathological analysis: Compared to untreated tumors, which 
had massive tumor cells circumscribed by numerous newly formed 
blood vessels, in tumors treated by PDT mediated with liposomal 
AlClPc, there was a clear separation of viable cells from necrotic cells, 
featuring a central process of coagulative necrosis with large areas of 
hemorrhage, edema and vascular ablation characterized by the presence 
of thrombus formation and extravasation of erythrocytes in the whole 
tumor bed. Vascular shutdown observed in the histopathological 
analysis corroborate with macroscopic vascular alteration observed 
in the dissected tumors. In addition to direct cell death observed by 
induction of necrosis and vascular damage, there were inflammatory 
infiltrate cells adjacent to necrotic areas, mainly characterized by the 
presence of neutrophils, as described in Figure 6.

Cytokine expression: Figures 7 and 8 show the cytokine expression 

in tumor microenvironment of both PDT and un treated Tumor 
groups, respectively. Local levels of IL-1β in tumor group remained at 
basal levels of 18.79 pg / mg protein, while there was an increase in 
PDT group, which expressed 68.56, 42.45 and 50.08 pg / mg protein, 
respectively, after 6, 24 and 72h after treatment. The values   of 6 and 72 
hours were statistically significant compared to Tumor group. The same 
expression pattern was observed in local levels of TNF-α. The PDT 
group peaked at 122.79 pg/mg protein 6 hours after treatment, followed 
by reduction at 24 hours to 37.78 pg / mg protein and a new increase at 
72 hours to 85.09 pg / mg protein. Compared to Tumor group, whose 

Figure 5: In vivo and Macroscopic alterations observed after PDT in 
experimental mice. Section A represents relative tumor volume alterations 
observed during experimental period. Section B represents mice weight 
variation after different experimental treatments during the experimental 
period. Sections C and D represent, respectively, control (Day 19) and PDT 
(Day 19) tumors in a macrosopic view.

Figure 6: Photomicroscopy of histological sections of untreated control 
(Section A) and PDT-treated (Section B) tumor. In section A, circle represents 
viable blood vessels and V representes viable tumor cells. In section B, arrow 
represents damaged blood vessel, and N represents necrotic tumor tissue. 
Reference bars represent 40 µm.

Figure 7: Cytokine expression in tumor tissues. The presence (pg/mg Tumor 
protein) of IL-1B; TNF-α; IL-6; IL-10; TGF-β in 4T1 tumor tissues after different 
experimental periods of PDT application are represented, respectively, in 
sections A, B, C, D, and E. Letter bindicates significant differences (p<0.05) 
compared to control.

Figure 8: Cytokyne expression in plasma samples. The presence (pg/mL of 
Serum) of IL-6; IL-10; TGF-β in plasma samples of 4T1 tumor-bearing mice 
after different experimental periods of PDT application are represented, 
respectively, in sections A, B, and C. Letter bindicates significant differences 
(p<0.05) compared to control. 
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levels remained at 26.24 pg/mg protein, the measurements obtained in 
PDT group at 6 and 72 hours were statistically significant. The serum 
levels of both IL-1β and TNF-α were undetectable in plasma. 

As regards IL-6 expression in tumor tissues, untreated tumor group 
expressed 444.69 pg/mg protein of IL-6, while the levels found in PDT 
group remained at 381.99 pg/mg protein 6 hours, 471.30 pg/mg 24 h 
and 373.12 pg/mg protein 72 h. These patterns were not statistically 
significantly different from each other. There were no changes in the 
expression of IL-10. Tumor group ranged from 104.9 pg/mg protein, 
while in the PDT group levels were observed of 90.9 pg/mg protein 6 
hours after PDT, 133.23 pg/mg protein after 24 hours, decreasing again 
to 107.72 pg/mg protein at 72 hours. The variations were not statistically 
significant. Following the same pattern as the local cytokine expression, 
the systemic expression of IL-6 and IL-10 did not present significant 
differences among all the experimental groups and time points.

The expression of TGF-β changed significantly in animals treated 
with PDT, especially late in the last session at 72 hours post-treatment. 
It is possible to observe a gradual increase in TGF-β with time after 
the last session of PDT mediated with liposomal AlClPc. At 72 h post 
treatment, the expression of TGF-β was 104.52 pg/mg protein, three 
times larger than observed in Tumor group, which was 35.23 pg/mg 
protein. Intermediately, after 6 h and 24 h PDT presented levels of 
50.4 and 69.67 pg/mg protein, respectively. There was a statistically 
significant difference in TGF-b expression compared to Tumor only in 
PDT group at 72 h. Despite this significant difference in local expression 
of TGF-b, the systemic expressions of TGF-b didn’t present a significant 
difference at any of the experimental times. 

Discussion 
The effectiveness of PDT against breast cancer and the clinical 

outcome of this therapy are not agreed on in the literature consensus, and 
the same applies to skin tumors [21]. However, some singular patterns 
of PDT, not observed in conventional breast cancer therapies, such as 
immune system activation, and an increase in immune surveillance 
against tumor cells may be interesting features for the management and 
treatment of breast cancer [22]. In addition to that, PDT application can 
be repeated several times without significant side effects, unlike chemo 
and radiotherapy, in the management of breast cancer. 

The key point of PDT is the photosensitizer (PS) molecule that 
translates light in ROS production. The Aluminium-Chloride-
Phtalocyanine (AlClPc) entrapped in nano-sized liposomes is a third 
generation PS formulation that was previously used in the treatment 
of different experimental tumor types [7,18,23]. The association of 
PS molecules and nano-carriers has important advantages such as 
increasing the dispersion of the drugs in aqueous media; increasing the 
delivery of PS to the tumor tissues and tumor vessels; and preventing 
drug absorption by normal tissues [24]. Our findings demonstrated 
that PDT mediated by Lipo-AlClPc was an efficient protocol to control 
breast cancer cells (4T1) in both in vitro and in vivo experimental 
models. In addition, the profile inflammatory cytokines expressed after 
PDT was also assessed in treated animals. 

The dark toxicity of Lipo-AlClPc was evaluated after 24 hours 
of exposure in different PS concentration. All the Lipo-AlClPc 
concentrations evaluated reduced the 4T1 viability, but no significant 
difference was observed among them. As a strongly hydrophobic 
molecule, the solubilization of AlClPc in aqueous media is impossible. 
For that, drug carriers, such as liposomes are fundamental to disperse 
these molecules in biological aqueous fluids. As the increased 

concentration of AlClPc didn’t’ promote higher toxicities, the reduced 
cell viability may be due to lipids metabolism after liposome uptake. 
For these reasons, we selected the higher Lipo-AlClPc concentration (5 
µM) to run the following experiments. These results are in accordance 
with previous reports with different cell lines [16,23], including a report 
using a primary canine breast cancer cell line [24] using the same nano-
sized liposome containing AlClPc. Despite this cell culture cytotoxic 
effect observed in our results, we have previously showed that this 
liposome containing AlClPc doesn´t have toxicological effects that may 
affect tumor growth in mice models [17,23]. 

The Lipo-AlClPc cell kinetics uptake showed that the maximum 
liposome internalization occurred in 30 minutes, and this value did 
not increase after one hour of observation. The intracellular delivery 
of drugs entrapped in liposomes can occur by both endocytic and 
passive diffusion through the plasmatic membrane pathways [25]. The 
confocal microscopy confirmed the Lipo-AlClPc uptake by 4T1 breast 
cancer cells, showing that the PS molecules (red fluorescence) were 
widely dispersed throughout the cytoplasm. This dispersed subcellular 
localization, as observed by others [8,26], may contribute to drastic 
cell disruption after PDT, as observed in the cytotoxic assays. ROS 
produced at different subcellular locations may act together for the 
cytotoxic effects of PDT. It is important to note in these microscopy 
analyses that exposure of Lipo-AlClPc in dark conditions did not alter 
the organization of action filaments, an indication of the harmless 
pattern of the PS formulation in the dark. 

Photoactivation of AlClPc in the PDT treated cells induced 
significant cell death, up to 90% at 6 and 24 hours after treatment. In 
addition, the morphological cell alterations after PDT indicated a strong 
cytotoxic effect of PDT against the 4T1 breast cancer cells. Furthermore, 
the double staining with annexin V and propidium iodide indicated 
a high amount of DNA damage, necrosis, and late apoptosis. This 
pattern of cell death induced by necrosis and/or late apoptosis was also 
observed by others [8,23,27,28], and indicates a drastic and unspecific 
ROS attack on different subcellular regions. As is well known, singlet 
oxygen produced after PDT has a short half-life and, therefore, a short 
radius of action (0.02 µm) [29], thus producing its effects near to the 
accumulation site; in our results, PS localization was widely distributed 
throughout the cytoplasm. Initial apoptosis was not observed in the 
PDT treated cells. This result may be due to the biochemical machinery 
requirements needed in the apoptotic pathway, which was probably 
disrupted after ROS attack on the different subcellular sites after PDT 
[27,30]. 

Both necrotic and late apoptosis cell death pathways are characterized 
by the release of intracellular content into the extracellular media. This 
subset of molecules, normally protected in intracellular compartments, 
and released during these types of cell death, is strongly immunogenic 
and may contribute to the activation of immunological reactions [31], 
as observed in our anti-tumoral (in vivo) experiments. 

Compared to control mice, PDT-treated mice did not present 
important in vivo side effects during the treatment period. This 
observation was noted in the weight over time graph, when no 
significant changes in these two experimental groups were observed. 
This feature suggests, and was corroborated by others [17,23,32,33], 
that PDT can be used repeatedly without the significant side-effects that 
are commonly observed in chemo and radiotherapy and that generally 
have dose limiting toxicity [34]. 

The direct cytotoxic effects of PDT were observed in both in vitro 
and in vivo data, and are due to the oxidative damage to tumor cells 
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during PDT. Furthermore, a series of macroscopic and microscopic 
alterations were observed in PDT-treated tumors compared to untreated 
control tumors. First of all, the volumes of the PDT-treated tumors were 
significantly reduced compared to the control tumors. This trait was 
previously observed [18,26,27] and confirms the hypothesis that PDT 
mediated by Lipo-AlClPc can control tumor growth in animal models. 
This tumor control may be due to combined effects of the three main 
biological effects of PDT described previously, which were observed in 
our results. 

Next, PDT-treated tumors presented a clear decrease in the number 
of viable vessels, a common feature of tissue response against PDT 
[18,29,35]. This vascular shutdown is due to photoactivation of PS in 
the inner part of vascular structures, resulting in endothelial cell death 
and consequently in the destruction of vascular structures [36,37]. 
Disruption of vessel integrity contributes significantly to massive tumor 
necrosis, as observed in the histopathological analysis, after PDT due to 
hypoxia and nutrient depletion in tumor tissue. 

Currently, the direct oxidative damage associated with vascular 
damage has demonstrated the highest efficiencies of PDT; therefore, 
vascular targeting is highly desirable in PDT protocols. Dolmans et al. 
[37] showed that the modulation of the activity of anti-vascular PDT 
can be obtained by reducing the time interval between application of the 
photosensitizing drug and light source. With a short time, it was found 
that the photosensitizer distribution is still incomplete, remaining in 
the blood stream adjacent to the tumor. Tumor irradiation, therefore, 
reaches not only the tumor cells themselves, but also the endothelial 
cells present in the tumor microenvironment [38]. As seen in the 
present study, the short time interval for tumor light irradiation was 
effective in vascular ablation. 

Moreover, the cellular debris released during tumor necrosis 
contributes significantly to an immunological activation against the 
remaining tumor tissues [14]. In addition to that, reduction in vascular 
supply to the PDT-treated tumor, as presented in our results, can 
prevent metastatic spread of tumor cells in these vascular pathways. 
Tamella et al. [39] recently demonstrated that PDT application can 
shut down tumor-associated vessels, thus preventing tumor cells from 
disseminating and the establishment of metastatic lesions. In our 
previous report [15], we demonstrated the inhibition of loco regional 
metastasis in cervical lymph nodes in a tongue tumor animal model 
with the same PDT protocol (Lipo-AlClPc) as that used in the present 
study.

Tumor development is a very complex event that involves the 
disruption of several tissue and cellular homeostatic patterns during 
malignant transformation. During tumor development, a series of 
immunological cells will be present in this microenvironment. Most 
of them are cells mediating immunosuppression or tolerogenicity 
that permit tumor progression. In general, the tumor cells are able 
to produce cytokines creating a vicious circle that maintains this 
immunosuppressive environment [40]. As an example, expression 
of TGF-β, an immunosuppressive cytokine, synthesized mainly by 
T lymphocytes and monocytes, and is considered a silent signal to 
the immune response by inhibiting the differentiation, activation 
and proliferation of lymphocytes, had a threefold serum increase in 
tumor-bearing mice compared to healthy mice. The disruption of this 
immunosuppressive pattern can be achieved by the induction of an 
immunogenic cell death (necrosis or late apoptosis) [31], such as that 
observed in our results after PDT application in both in vitro and in vivo 
experiments. This tumor response after treatment is generally followed 

by the production and release of several pro-inflammatory cytokines, 
including IL-1β, IL-6, TNF-α and IFN-ϒ, being co-responsible for the 
induction and maintenance of acute inflammatory response in breast 
cancer tissues after PDT.

Mroz et al. [27] reported that PDT has a significant effect on 
the immune system, with both immunostimulatory effects and also 
immunosuppressive effects [27]. The decision on which immunological 
pattern will follow is determined largely by the tumor cell death pathway 
after PDT. These authors [27], and others [14,31], argue that the slight 
induction of oxidative damage is associated with initial apoptosis 
pathway, which is related to the release of immunosuppressive cytokines, 
such as TGF-β and IL-10. These cytokines can act to inhibit dendritic 
cells and also T CD4+ cells. Next, TCD8+ can become anergic and 
tolerogenic due to the loss of CDT+ activation. Additionally, apoptosis 
is associated with increased expression of VEGF (vascular endothelial 
growth factor), which also has immunosuppressive characteristics of 
inhibiting dendritic cell maturation. 

It could be observed in the present study that PDT mediated by local 
application of Lipo- AlClPc in the treatment of breast cancer in Balb / 
c mice acted by multiple mechanisms, contributing to the expression 
of inflammatory cytokines, resulting in a subsequent anti-tumor 
inflammatory response. As noted, there is then a significant increase 
in tumor expression of pro-inflammatory cytokines such as IL-1β and 
TNF-α in a short period of time after the application of PDT. This pro-
inflammatory (↑IL-1β / ↑TNF-α) pattern was also observed after 72 
hours of PDT application. The increased expression of IL-1b and TNF-α 
is mainly described as the main effector activation of MHC I structures, 
associated with an increase in immune recognition and highly desirable 
in PDT-mediated treatment [41]. Studies in animal models and human 
models have demonstrated the role of the increase in TNF-α in the 
induction of innate immune response and consequently the induction 
of adaptive immune response mediated by effector T cells, since this 
molecule has a role both in the maturation of antigen-presenting cells, 
and maturation of effector T lymphocytes [15]. 

In contrast to the pro-inflammatory (↑IL-1β / ↑TNF-α), TGF-β 
showed a significant increase in expression after 72 hours of PDT 
application. TGF-β is synthesized mainly by T lymphocytes and 
monocytes, and is considered a silent signal to the immune response 
by inhibiting the differentiation, activation and proliferation of 
lymphocytes [41]. This could be a mechanism involved in returning the 
immune activation to ground states. 

Alternatively, we hypothesized that TGF-β hyper-expression after 
72 hours of PDT application could be a response to tissue injury. It is 
well known that TGF-β coordinated extracellular matrix remodeling 
after a different type of tissue damage [42], participating in remodeling 
necrotic tissue after PDT application. This mechanism has also been 
observed by other authors after PDT application [43,44]. Furthermore, 
PDT has been suggested as a strategy to accelerate wound healing, due 
to these healing properties related to TGF-β [45]. 

From the results obtained in the present article, we can assume 
that PDT mediated by Lipo-AlClPc acts as an immune stimulating 
therapeutic modality, given the positive balance between the expression 
of pro-inflammatory and anti-inflammatory cytokines and silent 
signals. As discussed previously, most conventional tumor therapies 
induce an immunosuppression state [3,4]. This feature, besides the 
possibility of repeating the PDT protocol, may be one of the most 
important proprieties of PDT for cancer treatment. 
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Therefore, in conclusion, PDT mediated by Lipo-AlClPc is capable 
of activating all the main mechanisms of PDT described: direct cell 
damage, induction of vascular shutdown and inflammatory response, 
providing support to be used at least as an adjunct therapy to surgical 
treatments, allowing greater tumor control for long periods and, 
possibly, greater control of metastatic foci.
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