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A B S T R A C T   

Triple-negative breast cancer (TNBC) overexpresses the Epidermal Growth Factor Receptor (EGFR), a charac
teristic of different types of tumors, linked to worse disease prognosis and risk of recurrence. Conventional 
treatments are also aggressive and can be morbid.. Therefore, t improvement and development of new methods 
are notorious. Photodynamic Therapy (PDT) is an effective method for treating different types of cancer by using 
light radiation to activate a photosensitizing agent (drug) in molecular oxygen presence, promoting cell death., 
Improving drug uptake in target cells could contribute to PDT efficiency. Accordingly, we developed a bifunc
tional nanoprobe (BN), used in PDT as a a treatment method in vivo against breast cancer. The BN uses gold 
nanoparticles with active targeting through the Epidermal Growth Factor (EGF) protein and Chlorine e6 (Ce6) 
carriers. We evaluated the therapeutic efficacy of in vivo xenograft in 4 groups: Saline, BN, Ce6+PDT, and 
BN+PDT. As a result, we observed that the BN+PDT group exhibited an excellent effect with greater selectivity 
to tumor tissue and tissue damage when compared to the Saline, BN, and Ce6+PDT groups. The results indicate a 
potential impact on breast cancer treatment in vivo.. In conclusion, our data propose that the BN developed 
heightened PDT efficacy through cellular DNA repair effects and tumor microenvironment.   

1. Introduction 

Breast cancer is a disease with high incidence and mortality in 
women worldwide [1]. It is a highly heterogeneous disease, which pa
thology classifies into molecular subgroups with different characteristics 
based on the expression of breast cancer receptors: estrogen receptor 
(ER), progesterone receptor (PR), and human epidermal growth factor 
receptor type 2 (HER-2) (1-3). ER, PR and HER-2 expression’s absence 
classifies an aggressive breast cancer subtype: triple-negative breast 
cancer (TNBC) that is responsible for 10 to 20% of invasive breast cancer 
[2,5]. 

TNBC in general exhibits tumor hypoxia with necrosis and central 
fibrosis, which in turn promotes proliferation and metastasis [4,6]. 
Developing hypoxia favors tumor heterogeneity, stimulating aggressive 
growth, which genetically alters tumor cells, allowing them to get used 

to oxygen and nutrient deprivation [7,8]. TNBC has an overexpression 
level of Epidermal Growth Factor Receptor (EGFR) accelerating cell 
growth and carcinogenesis, due to acting on the regulation of cell pro
liferation, differentiation, migration, and survival [6]. In addition, there 
are few alternatives for treatments since it does not respond to hormonal 
therapy or therapies directed to receptors [2,3]. 

Thus, alternative therapies have been studied, such as Photodynamic 
Therapy (PDT), which is widely used to treat diseases as well as different 
types of tumors with promising therapeutic results in oncology. PDT can 
also be used in conjunction with other therapies, increasing the per
formance of the treatments. 

In this context, EGF is an excellent approach to biomarker studies 
and PDT can be a choice for TNBC treatment using a powerful photo
sensitizer (PS) [9,10,11]. In our previous work, a new PS for PDT was 
designed to bind to the EGFR, increasing specificity and treatment 
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efficiency. The bifunctional nanoprobe (BN) was composed of gold 
nanoparticles, modified EGF, and Chlorine e6 (Ce6). Ce6 is one of the 
most used second-generation photosensitizers in PDT, known to 
generate reactive oxygen species ROS under light activation at biolog
ical optical window [15]. 

Nanoparticles (NPs) also provide active targeting by binding to re
ceptors, heightening PDT selectivity, increasing effectiveness, and 
minimizing toxicity [12]. Tumor cells endocytic NPs, activated by 
irradiation, generating oxygen in tissues that convert to ROS. ROS 
causes hypoxia, cell death, and tumor destruction in response to PDT, 
which can be repeated without resistance. Tumors are damaged by 
apoptosis, a programmed cell death mechanism, where tumor cells un
dergo biochemical and morphological changes [13]. Thus, the tumor 
tissue presents limited oxygenation, expressing greater aggressiveness, 
consequently reducing the therapeutic response (chemotherapeutic and 
radiotherapy). Therefore, it is necessary to evaluate new methods to 
adjust treatment strategies better [14]. 

Aiming at the need for new treatments against TNBC, this study 
proposes to evaluate the antitumor and toxicological action of PDT using 
BN in vivo, which is the second part of the preview’s work. For this 
purpose, TNBC cells (MDA-MB-468) were grown as xenografts in athy
mic nude mice, and we monitored their response to PDT. 

2. Materials and methods 

2.1. Animals and experimental groups 

This study was approved by the Ethics Committee on Animal Use of 
University of Vale do Paraíba (protocol no. A07/CEUA/2018), and the 
animals were donated by Energetics and Nuclear Research Institute at 
São Paulo. Thirteen female eight-week-old BALB/c Nude Immunodefi
cient mice, with initial body weight of 20 g, were randomly divided into 
Saline (control), BN, Ce6+PDT, and BN+PDT groups. After fifteen days 
of adaptation period, the group saline (control group) included mice not 
xenografted, administrated with saline solution (0,9% mg/kg), and not 
submitted to PDT treatment (n = 2). Group Ce6+PDT represents mice 
xenografted, administrated with Ce6 (2 mg/kg) and submitted to PDT 
treatment (n = 4). Group BN+PDT represents mice xenografted, 
administrated with BN (2 mg/kg), and submitted to PDT treatment (n =
4). Group BN included xenografted mice that did not receive any drug 
administration and were not submitted to PDT treatment (n = 4). Mice 
were housed in polypropylene plastic cages with food and water ad 
libitum. Cages were maintained at a controlled temperature room (24 ±
2 ◦C) and cycles of 12:12 h, light and dark. 

2.2. Xenografts and animals clinical evaluation 

Animals were sedated with ketamine (10 mg/kg) (Dopalen, Ceva, 
Brazil) and xylazine (80 mg/kg) (Calmiun, Agener União, União Quí
mica, Brazil). Asepsis was executed at the injection site. The xenografts 
were performed by subcutaneous injection of the suspension of 5 × 106 

viable cells (MDA-MB-468, TNBC cell line) under aseptic conditions at 
the abdominal mammary gland and flanks. Cell injection utilized a 1mL 
syringe and hypodermic needle 36G [16,17]. 

The clinical evaluation investigated treatment impacts, considering 
general physical aspects, behavior, weight, and tumor growth, during 
the experimental period. Animal weight measurements were made on a 
digital scale (Toledo 9094), determining weight varies according to 
tumor progression and performed treatment response. Tumor growth 
was monitored to assess treatment efficiency. Tumor diameter pro
gression was measured by a high-precision digital caliper (200 mm 
Mitutoyo 500-172-30B 0.01 mm) [18,19]. Food and water were offered 
ad libitum. However, they were measured for behavior monitoring pur
poses only. 

2.3. Drugs administration and photodynamic therapy 

Fourteen weeks after xenograft was established, specific drugs were 
administrated to animals, according to groups. Saline solution 0,9% was 
administrated to Group Saline. Meanwhile, Chlorin e6 (2 mg/kg) 
(19660-77-6, Frontier Scientific), diluted as manufacturer protocol, was 
administrated to Group Ce6. Finally, BN (2 mg/kg) synthesized were 
administrated to Groups BN and BN+PDT. 

Synthesis of BN was performed based on the methodology described 
by our group [20]. Concisely, AuNPs were synthesized by conventional 
sodium citrate reduction of gold chloride method, producing ~21 nm 
diameter AuNPs. Ce6-cysteamine and EGF-α-lipoic acid complexes were 
developed using carbodiimide chemistry to link carboxylic acids to 
primary amines. Therefore, complexes produced were functionalized to 
AuNPs incubating samples in constant agitation for 48 h. Stable 
bifunctional nanoprobes developed according to this protocol were 
purified and stored at 4 ◦C in the dark. 

For the procedure, animals were anesthetized with ketamine (10 mg/ 
kg) and xylazine (80 mg/kg). Drugs were administrated, according to 
each specific group, through a caudal vein. Drug injection utilized a 1 
mL syringe and hypodermic needle 36G. The Photodynamic therapy was 
executed in animals four hours after drug administration. For treatment, 
local tissue was irradiated using an energy density of 100 J/cm2 by a 
diode laser of 670 nm connected to an optical fiber diffuser (Quan
tumTech®, São Carlos, Brazil) at a fluency rate of 100 mW/cm [21,22]. 
All animals were euthanized 48 h after treatment by an overdose of 
ketamine and xylazine. 

The samples were collected with a scalpel, sectioning the entire 
tumor area. Then, the samples were allocated to a container with buff
ered 10% formalin until processing according to posterior tests. The 
samples are submerged in formalin to protect the tissue from being 
analyzed, preserving cell components. All processes were described by 
schematic on Fig. 1. 

2.4. Leukocyte differential and histological processing 

After blood collection from the mice’s tail vein, a blood smear was 
taken to observe hematological differences between the groups. For this, 
the panoptic fast staining technique was used. The panoptic fast staining 
technique is a hematological and differential immersion method per
formed on dead cells to incorporate cells with pink and blue stains, after 
fixation. The fixation step uses methanol to maintain the cell structures 
unaltered. The pink stain step uses eosin to dye cell cytoplasm. The blue 
stain step uses azure B to dye nucleic acids and granules. The staining 
was performed with the slides immersed in each of the reagents for a 
short time. After this process, the slides were gently washed with 
running water to remove stain residues. After drying at room tempera
ture, the slides were observed under an optical microscope to obtain the 
leukocyte differential, that is, the percentage of each type of leukocyte 
present on the slides. 

For the histological processing, after tissue fixation in formalin, the 
samples were dehydrated in ethanol solutions (70% to 100%). Xylol was 
then applied to make the paraffin able to impregnate the tissue. The 
tissue impregnation with molten paraffin (56–60 ◦C) eliminates the xylol 
contained in the material and guarantees total penetration into the gaps 
left by water and fat, previously presented. This process also facilitates 
tissue hardening, after cooling, for microtome cuts. The molten paraffin 
was used to put the tumors in blocks and form molds for the microtomy. 
Four-µm-thick sections were obtained with a semi-automatic microtome 
and were stained with hematoxylin/eosin that allowed the visualization 
of all cellular components. 

2.5. Gene expression analysis 

For the RNA extraction, the samples were submitted to maceration in 
a crucible with a ceramic pistil in liquid nitrogen, transferred to a 
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solution of Trizol and chloroform. They were homogenized by vortexing 
followed by resting for 5 min at room temperature. After this period, the 
samples were centrifuged. The supernatant was collected, added with 
Isopropanol, and kept for a minimum of 16 h at -80 ◦C. After this period, 
the samples were centrifuged for pellet sedimentation. The pellet was 
washed three times with 75% ethanol. The material was resuspended 
with nuclease-free water. 

According to the manufacturer’s recommendations, each sample was 
treated with RQ1® RNase-Free DNase for the DNase treatment (Prom
ega Co., Madison, USA). As a negative control for the presence of re
sidual DNA, the DNase-treated RNA was subjected to a standard qPCR 
reaction to amplify a 128 bp human globin fragment within a single 
exon so that only DNA fragments could be amplified. Reactions were 
carried out with Globin forward 5′-GCTTCTGACACAACTGTGTTCAC-3′, 
Globin reverse 5′-GGCCTCACCACCAACTTCAT-3′ primers at a final 
concentration of 150 nM in 1x GoTaq® qPCR Master Mix (Promega Co., 
Madison, USA) in a final volume of 12.5 uL/reaction. The assay was 
performed on the 7500 Real-Time PCR Systems instrument (Applied 
Biosystems, California, USA). There was no amplification in any of the 
samples confirming the effectiveness of the DNase treatment. 

For Reverse Transcript followed by qPCR (RT-qPCR), the samples’ 
RNA concentrations were verified by spectrophotometry using Nano
Drop2000® (Thermo Scientific, Wilmington, DE), 1ug of RNA followed 
for reverse transcription using the ImProm-II™ Reverse Transcription 
System (Promega Co., Madison, USA). The cDNA was then diluted 100X 
and used for qPCR reactions using specific primers for Bcl-2 (Forward 5′- 
GGTGGGGTCATGTGTGTGG -3′ Reverse 5′-CGGTTCAGGTACTCAGT
CATCC-3′), Bax (Forward 5′-CCCGAGAGGTCTTTTTCCGAG -3′ Reverse 
5′- CCAGCCCATGATGGTTCTGAT -3′), Caspase 3 (Forward 5′-CATG
GAAGCGAATCAATGGACT -3′ Reverse 5′-CTGTACCAGACCGA
GATGTCA -3′), Caspase 8 (Forward 5′-AGAGTCTGTGCCCAAATCAAC 
-3′ Reverse 5′- GCTGCTTCTCTCTTTGCTGAA-3′), SOD2 (Forward 5′- 
TGAACAACCTGAACGTCACC-3′ Reverse 5′-GTAGTAAGCGTGCTCC
CACA-3′), and Stratifine (14-3-3⌠ - Forward 5′-AAGACCACTTTCGAC
GAGGC-3′ Reverse 5′-CTCTTCCCCGGCGTTGT-3′). To determine the 
reference gene, a panel of 8 endogenous genes was used (HPRT1, RPLP0, 
RPL27, TBP, ACTB, TUBA, GAPDH, and HMBS), and the chosen gene 
was GAPDH as it had a variation <1 Ct among all samples. From then on, 
the assays were performed in duplicate using 150nM of each primer in a 

final reaction of 1x GoTaq® qPCR Master Mix in a final volume of 12.5 
uL/reaction in the 7500 Real-Time PCR Systems equipment (Applied 
Biosystems, California, USA). The reaction conditions were 95 ◦C for two 
minutes followed by 40 cycles of 95 ◦C for 15 s and 60 ◦C for 1 min. Gene 
expression analysis was performed using the ΔΔCt1 methodology in 
which samples are normalized by the reference gene (endogenous) and 
compared with experimental control samples. The results were then 
plotted on an Excel spreadsheet and standard deviations determined. 
Each assay was repeated three times with no significant deviation for 
each gene tested. 

2.6. Statistical analysis 

The data are presented as means ± SD, as noted in each case. All 
values of n are provided. For comparisons between the data sets, One- 
Way ANOVA and Tukey tests were used. P < 0.05 was considered to 
indicate a statistically significant difference. 

3. Results 

3.1. Animal clinical evaluation 

Body weight was monitored before and during treatment. The 
change in tumor volume was measured twice a week and after treatment 
for 15 days (Fig. 2). The mean weight of mice was monitored throughout 
the entire experiment. Compared with the Saline group, the Ce6+PDT 
group and the BN+PDT group did not significantly differ in weight, even 
after PDT. All groups showed significant weight gain in the weeks 
analyzed, demonstrating that it did not have substantial systemic tox
icities but showed antitumor effects. 

3.2. BN antitumor effect in vivo associated with PDT 

The excellent efficiency of BN after PDT in vitro, with active targeting 
and absorption effect for MDA-MB-468 cells, led to the study of PDT 
treatment in Balb/c nude mice. After intravenous doses of free Ce6 and 
BN were administered to mice, the tumor was exposed to irradiation 
once. As shown in Fig. 3a, the tumor volume was not reduced after 
irradiation in mice administered with BN. Still, crusting and necrosis 

Fig. 1. – Schematic of the bifunctional nanoprobes system studied.  
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could be found on the tumor surface, indicating the efficacy of PDT. 
As expected, the in vivo experiment results indicated that BN+PDT 

has a superior therapeutic effect compared to other therapies. In the in 
vivo study, we also confirmed that this concentration performs better 
than Ce6+PDT, indicating its effect, suggesting that the association with 
chemotherapy or radiotherapy will have better efficacy. The treatment 
procedure of the groups is shown in Fig. 3a. The tumor size in each group 
after treatment is illustrated in Fig. 3c, in which the BN+PDT treatment 
group exhibits the major necrosis area among all (data presented in 3.5). 
Tumor volume in the BN+PDT group showed a reduction compared to 
the BN and Ce6+PDT groups. It is observed that the body weights of all 
groups of animals were measured, and no detectable weight loss was 
observed due to the treatments (Fig. 2a). 

3.3. BN toxicity in mice 

Whole blood samples were obtained from mice of all groups on the 
day of euthanasia (15 days) to assess changes in leukocyte counts 
(Fig. 4). The leukocyte counts in the saline group (control group) mice 
were significantly different from the free Ce6+PDT and BN+PDT group 
(P > 0.05, One-Way ANOVA, Tukey Test). BALB/c nude mice resisted 
the application injected intravenously into mice 2 ug/ml of BN and free 
Ce6 were analyzed for 15 days and showed no signs of toxicity. In 

addition, we did not find lymphopenia in mice, and no alteration was 
identified in the white blood cell count (P = 0.65, One-Way ANOVA, 
Tukey Test) (Fig. 4). 

3.4. Tumor histopathological classification 

After treatment, H&E staining of tumor tissues showed the tissue 
became smaller and pyknotic, and the intracellular chromatin content 
markedly decreased. The relative fraction of death/live cells increased 
in the following order: Saline, BN, Ce6+PDT, and BN+PDT. The histo
logical analysis allowed to classify the tumors developed into better 
differentiated invasive breast carcinoma, characterized by epithelial 
cells. In all samples, in the BN group and groups treated with PDT 
(Fig. 5), several malignancy characteristics were observed, such as 
evident nucleoli, atypical mitosis, inflammatory infiltrate, increase in 
tumor cell clusters, characteristic of tissue tumor mammary Fig. 5.a 
represents the tumor and photomicrographs of the BN group. A set of 
neoplastic cells is observed, mainly forming the periphery of the tumor. 
This cell cluster presents itself with both cellular cords and the 
appearance of “blocks” of cells. This cords or blocks of neoplastic cells 
are in the middle of dense fibrous tissue and present an increased nu
clear basophilia, meaning that this group is characterized by a severe 
desmoplastic reaction of the infiltrated tumor tissue. This reaction is also 

Fig. 2. – Animal clinical evaluation. (a) Changes in body weight monitored over weeks in mice treated as indicated. (b) Changes in tumor volume over time were 
assessed in mice treated as indicated. The red square, pink circle, purple triangle, and green triangle represent the saline (control group), BN, Ce6+PDT, and BN+PDT 
groups, respectively. Data are expressed as means ± SD. (c) Scheme of growing tumor: mice before any procedure, mice in xenograft, mice with a papule after 
xenograft, first signs of a tumor, tumor measuring, and final tumor in 10mm; from left to right (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article). 
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observed in the central region of the tumor, among some areas of ne
crosis, which are characterized by an acidophilic area, presence of some 
cell fragments, and with a "shadow” of neoplastic cells. 

Fig. 5b represents the tumor and photomicrographs of the Ce6+PDT 

group. A cluster of neoplastic cells is also observed in the tumor pe
riphery, with the same morphological appearance as the cells in the 
untreated group and in the middle of fibrous tissue. However, this 
desmoplastic reaction of the infiltrated tumor tissue occupies a lesser 

Fig. 3. - Combination of PDT to treat MDA-MB-468 tumor xenograft mice: (a) The laser was conducted on xenografted mice under in vivo conditions, irradiation with 
a 670 nm laser for PDT was applied for 10 min, 4 h later the drug injection. (b) Necrosis after exposure to PDT. (c) tumors after treatment on a scale expressed in 
centimeters and millimeters. 

Fig. 4. - Blood samples collected from the tail vein of BALB/c 
nude mice from all groups. (a) The leukocyte type fraction was 
determined by microscopic examination of Panoptic Rapid 
stained peripheral blood smears and expressed as a percentage. 
The graphic represents the mean values of total leukocyte 
count in each group. Values are means ± SD (p < 0.05 by One- 
Way ANOVA, Tukey Test). Each experiment was performed in 
triplicates. (b) representative photomicrographs of saline, BN, 
Ce6+PDT and BN+PDT groups after PDT treatment.   
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Fig. 5. - Histological analyses of the MDA-MB-468 breast tumor model. Tissues were harvested 48 h after photodynamic therapy. This figure presents the image of a 
breast cancer model removed from mice and their result of H&E staining; (a) Group BN, a severe desmoplastic reaction of the infiltrated tumor tissue is observed, 
mainly forming the periphery of the tumor and in the central region of the tumor, among some areas of necrosis; (b) Group Ce6+PDT, a moderate desmoplastic 
reaction occupies a lesser extent than in the untreated group, and more necrotic areas are observed; (c) Group BN+PDT, the desmoplastic reaction is restricted only to 
the periphery of the tumor. Necrotic areas occupy the most part of tumor, which has small or no cell fragments. Compared with tissues in the BN group, those in the 
BN+PDT group showed cell and nuclear damage. * desmoplastic reaction; ** area of necrosis. H&E staining with a magnification of 20x. 

Fig. 6. - Reverse transcription-quantitative PCR analysis of Bax, Bcl-2, Caspase 3 e Caspase 8, SOD2, 14-3-3 sigma gene expression in TNBC xenograft. Statistical 
analysis was performed using the Singleplex test. Data were normalized by GAPDH expression level. Bars represent standard deviations. The expression level was 
higher in BN+PDT samples compared with Ce6+PDT and BN groups. * - Significant difference. NS - Non significant. 
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extent when compared to the untreated group. In addition, most of the 
cells are dysmorphic, with smaller nuclei, no evident nucleoli, with a 
slight bluish coloration, together with cell fragments amidst the fibrous 
tissue. These characteristics intensify close to the central region of the 
tumor. Likewise, more significant areas of necrosis are observed in this 
group when compared to the untreated group. 

Fig. 5c represents the tumor and photomicrographs of the BN+PDT 
group. In this group, the desmoplastic reaction is restricted only to the 
tumor periphery. Most of the tumor is composed of an extensive areas of 
necrosis, some of them with small cell fragments with intense baso
philia. In addition, based on the staining images, the group treated with 
BN+PDT showed the most remarkable necrosis and severe morpholog
ical change, which also proves the effect is much better than the other 
groups. H&E staining identified that the tumor in the BN+PDT group 
was significantly suppressed compared to the BN and Ce6+PDT group 
(Fig. 5c). These results demonstrated that BN+PDT could effectively 
inhibit tumors under laser irradiation with low side effects. 

3.5. Analysis of apoptotic proteins expression 

As the in vivo experiments showed that the best results belonged to 
the BN+ PDT group, the expression of some apoptotic proteins was 
analyzed. Real-time PCR data demonstrated that the expression of pro- 
apoptotic proteins Bax, Bcl-2, Caspase 3 and Caspase 8, SOD2, and 14- 
3-3 sigma were significantly higher in the BN+PDT group compared to 
the control, indicative of apoptosis induction in this group (Fig. 6). They 
show a 20% and 27% increase in caspase 3 expression (Ce6+PDT and 
BN+PDT, respectively) and a 20% increase in Bcl-2 expression in 
BN+PDT treatment. Additionally, two genes related to DNA damage and 
oxidative stress (14-3-3 sigma and SOD2) were analyzed, resulting in a 
30% increase of 14-3-3 sigma in BN+PDT and 84% and 64 % for the 
SOD2 gene with the treatments Ce6+PDT and BN+PDT, respectively. 

4. Discussion 

In the present study, we proposed the PDT protocol for the treatment 
of triple-negative breast cancer. BN was produced to improve free Ce6 
action through functionalization with AuNPs. High hydrophobic char
acteristic of Ce6 facilitates the formation of aggregates in an aqueous 
solution, preventing the production of 1O2. Hydrophobicity hinders 
solubility in physiological solvents and body fluids, making its clinical 
application impossible. Co-binding of EGF has been used to increase 
selectivity and colloidal stability as determined in previous studies [23]. 
Due to the limitations of using PDT alone to treat breast cancer, the 
association of nanoparticles was considered a favorable solution. Thus, 
in the present study, we immobilized Ce6 as a photosensitizing reagent 
in the AuNPs nanocarrier to treat breast cancer in vivo. 

For in vivo analysis, we evaluated three treatment groups, including 
control, Ce6+PDT, and BN+PDT. In our leading treatment group 
(BN+PDT), Ce6 functioned like PS, activated by red laser, and produced 
singlet oxygen. BN was injected into the mouse model with TNBC, fol
lowed by ordered red laser irradiation. In vivo results indicated that the 
xenografts had a progressive growth throughout the follow-up period. 
Mean tumor volume reached 10 mm3 at the end of the treatment 
considering its initial volume. 

Our data showed that treatment with free Ce6+PDT and BN+PDT 
reduced tumor volume compared to the non-irradiated BN group. BN 
group had a tumor regression of 43%. The effect of BN on tumor volume 
may be related to the properties of Ce6. In PDT approach, excitation of 
inactive photosensitizers by an appropriate light wavelength leads to 
ROS production and subsequent apoptosis of tumor cells. Ce6 is related 
to the class of tetrapyrrolic substances derived from porphyrin. It con
tains one of its pyrrolic rings in limited form, resulting in the molecule’s 
symmetry and its conjugation. Due to its Q band shift presents absorp
tion in the red region in the UV-visible spectrum [24,25]. 

These data correspond to the results observed in the present study, in 

which Ce6 loaded in NPs from AuNPs dissociated easily in tumors 
compared to free Ce6. One of the limitations of PDT is its oxygen- 
scavenging property since tumor cells need adequate PS absorption. 
Some studies have reported an increase in membrane permeability and 
cellular uptake of several anti-cancer PSs, due to the use of laser in PDT 
[26]. Laser association can increase the oscillation potential that gen
erates an absorption increase of NPs radiation. This phenomenon occurs 
in visible region, showing that free electrons oscillate on metallic sur
face, in surface plasmonic resonance. Demonstrating that they can be 
used in chemical, biological, and nanotechnology applications, enabling 
the permeability and retention effect to target the tumor via treatment 
with the BN+PDT approach, confirming the previous data [27,28]. In 
our study, surface functionalization of AuNPs with EGFR enabled the 
drug to be effectively transported to the tumor for irradiation [29]. 

Furthermore, the biocompatible surface coating can be added to the 
AuNP surface to enable applications in the biomedical area [30]. In 
AuNP-mediated PDT, BNs can be delivered with active targeting, fol
lowed by ROS production and tumor destruction. As an example, 
approaching a study in our group using carbodiimide chemistry, Ce6 
was covalently bound to thiourea and (through the final sulfur group) to 
gold nanoparticles (AuNPs), forming the Ce6-AuNP complex. When 
irradiated at 660 nm, the cytotoxicity of Ce6-AuNP was more significant 
than free Ce6 for MDA-MB-468 cells in vitro [31]. In another approach, a 
study that used PDT in skin squamous cell tumor treatments investigated 
gold nanoparticles conjugation (GNPs) to 5-aminolevulinic acid 
(5-ALA), concluding that the results suggested that the conjugate 
significantly increased the antitumor efficacy of PDT in A431 cells [32]. 
Some authors have evaluated mice with subcutaneous tumors receiving 
gold nanoparticles targeted to epidermal growth factor peptides (EGF
pep-AuNPs) followed by laser irradiation at 672 nm, suggesting a 
reduction in volume observed in treated tumors, selectively activated 
with light [33]. In the present study, tumor volume in the BN+PDT 
group showed more than 78% reduction compared to the other treat
ment groups. Also, note that this BN+PDT treatment group achieved less 
tumor volume than the initial volume. This significant reduction in 
tumor volume could be explained by ROS production in tumor by PDT. 

Our findings agree with Castilho et al. [20] confirming the results 
found in this study on the efficacy of combining BN with PDT; for 
example, AuNPs was designed as the carrier for Ce6 PS where the ob
tained compound had a suitable solubility to be used in PDT with a 
better efficacy compared to free Ce6. It is important to remember that 
EGFR has provided PS delivery to tumor cells [34]. Furthermore, a study 
with PDT approach showed that AuNPs could produce singlet 1O2 due to 
the therapeutic properties observed in an in vivo cancer model [35]. Our 
data showed that the primary treatment strategy, BN+PDT, effectively 
suggested tumor regression, possibly due to hypoxia and necrosis in the 
center. However, in the Ce6+PDT group, it showed less involvement in 
tumor volume. 

PDT can stimulate changes in the plasma membrane; as a result, we 
observed infiltrates of leukocytes in histological sections. In these sec
tions, neutrophils were prevailing on differential count of leukocytes in 
tumor after PDT, which presented some significant differences between 
groups. Therefore, there were no infectious or inflammatory processes, 
remaining within normal parameters. The representative photomicro
graphs present blood cells from all groups analyzed. The 2 µl/mL dose 
was supported in mice. It showed no weakness, visible signs of toxicity 
and suggests regression of xenograft growth with overexpression of 
EGFR in BALB/c mice by 58% [36]. 

Thus, in the mouse hematoxylin and eosin (H&E) experiment, it was 
observed that the treatment with BN+PDT was related to a more intense 
loss of tumor tissue when compared to the other treatments. Tumor 
tissue morphology was significantly modified after treatment with 
BN+PDT. These findings confirm that BN+PDT had a significant ther
apeutic effect on tumors. 

Based on these arguments, in this study, the quantitative real-time 
PCR test was used to assess the relative expression of genes related to 
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apoptosis to provide identification of the pathway affected by PDT 
treatment in breast tumors from samples obtained in vivo. The PCR re
sults revealed that the expression of apoptotic factors including Bax, Bcl- 
2, Caspase 3 and 8, SOD2, 14-3-3 Sigma significantly increased in the 
BN+PDT group compared to the control group. The expression increase 
confirms that tumor shrinkage in this group may be associated with the 
occurrence of apoptosis through mitochondria. As a result, it was shown 
that PDT and BN increased apoptotic gene expression in breast cancer 
cells. Thus, in a study, they used MPEG2000-ZIF/PC compositions (PMs) 
in combination with PDT inducing apoptotic death in tumor cells and 
observed an increase in the expression level of Caspase3, Bax, and Bcl-2 
after PDT [37]. Also, one study reported that they used Dihy
droartemisinin (DHA) in combination with PDT to inhibit breast cancer 
cell proliferation and increased expression of the caspase 8 protein, 
suggesting that it may activate caspase 3 [38]. In another report, the 
study used zinc phthalocyanine (M2TG3) associated with PDT to treat 
different tumors and observed that M2TG3 could cause cell death via 
several mechanisms, depending on the condition of cell cultures, model, 
and oxygen availability, revealed that hypoxia increased the level of 
superoxide dismutase (SOD2) [39]. Furthermore, reports of a study with 
the 14-3-3 protein showing that its association with the proliferation of 
tumor cells and apoptosis indicates its presence in cancer with a worse 
prognosis [40]. Therefore, it is noteworthy that no side effects resulting 
from the treatment technique in mice were identified, which is an 
advantage compared to some conventional therapies such as 
chemotherapy. 

5. Conclusion 

Aiming to produce a drug that overcomes all challenges during drug 
delivery, we present the application of coated gold nanoparticles for 
breast cancer therapy in vivo. The study showed promising development 
of an innovative method to breast cancer treatment. Nanoprobes pro
vided a targeting effect on potential drug delivery to the tumor, exhib
iting biocompatibility evaluated by leukocyte count analysis. This 
analysis showed tumor regression due to tissue damage caused by PDT, 
such as necrosis and/or apoptosis. Tissue damage and tumor regression 
were evaluated by histopathological analysis and RT-qPCR, which 
determined the changes promoted in the markers that regulate tumor 
regression, showing increased expression of apoptotic factors (Bax, Bcl- 
2, Caspase 3 and 8, SOD2, 14-3-3 Sigma), in PDT+BN treated group 
showing greater involvement. Therefore, aiming at the need for new 
technologies against breast cancer, we studied a less invasive and with 
fewer side effects treatment. 
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