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Abstract

The discovery of quantum dots has sparked the research on biological imag-
ing with many in vitro and in vivo applications, due to their incredible photostability
and greater luminescence. Recently, the new magic sized quantum dots (MSQD)
have surpassed most of the problems related to labeling, especially because of-
several important characteristics: the ultra-small size (<2 nm) that allows passive
absorption into cells, the variable functional surface engineering that permits conju-
gation to different molecules for selectivity improvement, the highly biocompatible
nature due to its colloidal synthesis, the luminescence tuning capability in different
wave lengths, and the low complexity of the system, which have led us to a new
level of bioimaging. In this review, we demonstrate the potential applications of
MSQD conjugated to three novel molecules as theranostic tools for both diagnosis

and treatment of triple negative breast cancer.
Keywords: Magic Sized Quantum Dots; Bioconjugation; Biocompatibility; Specific probe; Breast Cancer; Phospoli-
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1. Introduction

Quantum dots have revolutionized biological imaging, but an important pitfall prevent-
ing its use for in vivo imaging and as therapeutic tools is their cytotoxicity effects. Recently,
a new class of ultra-small quantum dots with very high stability and low toxicity has been de-
veloped by our group, which has been successfully exploited as a theranostic tool. This chapter
presents the proof-of-concept with novel applications of MSQD in breast cancer diagnostics
and therapeutics, which will be explored here in.

1.1. Quantum dots as specific probes

In the area of biological labeling, the great applicability of the quantum dots (QDs) oc-
curs because they present several advantages over the traditional organic fluorophores, such
as, long fluorescence life, high photo-resistance and chroma-degradation [1,2]. However, its
cytotoxicity is a highly studied subject because these QDs show high cytotoxicity.

Magic sized quantum dots (MSQDs) are a category of quantum dots that have extreme-
ly small sizes (< 2 nm), stability of size and luminescence in function of time, present a broad
emission spectrum, that allows their detection in the most diverse channels in the fluorescence
microscopes [3]. In addition to these several advantages over traditional quantum dots, we
have demonstrated that is possible control their biocompatibility and specificity during the
synthesis [4]. Therefore, the use of these MSQDs is extremely important in monitoring appli-
cations of biological assays as a function of time.

The dispersion of QDs in biological fluids and conjugation with biological molecules
consists of coating the surface of the QDs molecules containing specific chemical groups aim-
ing at their use as luminescent probes. In our recent work, we performed functionalization pro-
cess in which we demonstrated the formation of the CdS shell around CdSe QDs as a function
of the synthesis temperature [3], and the concentration of stabilizer with external thiol group
[5]. These methodologies were developed to increase the luminescence and biocompatibility
of the QDs, since we will show that the cytotoxicity is related to the amount of Cd2" ions ad-
sorbed on the surface of the CdSe QDs.

The use of QDs as specific probes in biological and biomedical applications is important
because is possible to attach on the your surface a variety of biomolecules, including nucleic
acids, proteins (avidin/streptavidin, albumin and antibodies), polysaccharides, and peptides.
Several methods of bioconjugation have been used; however, the characteristics of biological
molecules must be taking into consideration for specific coupling strategies. Biomolecules
are generally conjugated on QDs’ surface by the following bioconjugation methodologies: 1)
cross-linked covalent bond: bonds the carboxyl groups on the surface of the PQs to the amine

moieties present in the biomolecule using 1-ethyl-3- (3-dimethylaminopropyl) carbodiimide
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(EDC) [6] or N-hydroxysulfosuccinimide (NHS) [7]; 2) adsorption or non-covalent self-as-
sembly, using protein engineering (polyhistidine(His) [8-11]. Further more, due to the high
ratio surface volume is possible to couple several different kinds of biomolecules in a single

QD where each has a specific function that ensures the multifunctionality of QDs [12].
1.2. Carcinogenesis and Cancer

The functioning of the human body can be considered as a society, whose members are
cells, which reproduce themselves through cellular divisions and are organized in sets (tissues)
that collaborate with each other. Thus, to coordinate this behavior the cells send, receive, and
interpret a sophisticated set of signals. Each cell behaves in a way, being able to divide, dif-
ferentiate or die. Any molecular change that disrupts this harmonious behavior can result in
problems for the body. In the human body, many cells constantly mutate, and sometimes such
a mutation can result in a certain selective advantage to a cell, allowing it to grow and divide
more vigorously and survive more easily than other cells, becoming the founder of a mutant
clone that grows out of the normal context [13].

Carcinogenesis 1s a complex process, in which normal cells progress to cells with neo-
plastic phenotypes. This is a multi step process describes like somatic evolution conducted by
mutations and alterations of DNA. The tumor cells confers interactions where cell-cell contact
is lost, followed by inadequate growth, hypoxia, ischemia, senescence, resistance to apoptosis,
and self-sustaining growth. Innumerable mechanisms for invasion and metastasis have been
shown elsewhere [14,15].

1.2.1. Breast Cancer

Breast cancer is generally a malignant tumor that has developed from cells in the breast.
This cancer is genetically and clinically heterogeneous and is always caused by genetic muta-
tions on the DNA: although only 5-10% of these mutations are hereditary, the majority (90-

95%) 1s caused by abnormalities originating of lifestyle and environmental factors [16-19].

In this context, breast cancer classification systems have been developed to organize
this heterogeneity. The advances in genomics have led to elucidation of the subtypes of breast
cancer based on the molecular profile of three markers: estrogen receptor (ER), progesterone
receptor (PR) and human epidermal growth factor type 2 (HER2). This classification is critical
for choosing the appropriate treatment of patients, and for the development of new therapeutic
strategies [17,20,21].

The most aggressive subtype of breast cancer, called triple negative breast cancer
(TNBC) is characterized by lack of the three markers expression: ER, PR and HER2. As
a consequence, TNBC cells are insensitive to hormone or HER2-targeted therapies and the
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treatment options for these patients is chemotherapy, surgery and radiation therapy. Thus, the
investigation of TNBC-targeted therapy is imperative and the cell culture model has become
a useful tool for understanding the cancer functionality and provides interesting information
about the biology of the disease becoming a good candidate for development of specific tar-
geted therapy. Here, we investigated the efficacy of Pepstatin A and Phospholipases BnSP-6
and BThtX-II as a TNBC treatment.

1.2.1.1. Pepstatin A

Pepstatin A is an aspartic protease inhibitor that acts specifically in the inhibition of
Cathepsin D catalytic activity in triple negative breast cancer [22]. Cathepsin D is a protease
that 1s currently investigated as a biomarker among triple negative breast cancers. In addition,
Cathepsin D inhibition is essential to reduce breast cancer cells aggressiveness, since it is in-
volved in proteolytic events responsible for breast cancer progression and metastasis [23].

Evidences suggest that Pepstatin A induced apoptosis and autophagy processes in triple
negative breast cancer cell, while reducing proliferation, migration and invasion [24]. Cathe-
psin D inhibition is also crucial to increase sensitivity of breast cancer cells to chemotherapy,
because it may protect cancer cells from chemotherapeutic agents [25]. So, it is important to
investigate the bioconjugation of Pepstatin A with MSQD to allow its tracking within the cell
and, in addition, to verify the specificity of this treatment for triple negative breast cancer
cells.

1.2.1.2. Snake venom phospolipase A2

Snake venoms constitute a mixture of bioactive components that are involved not only
in envenomation pathophysiology but also in the development of new drugs. Different enzy-
matic and non-enzymatic proteins such as phospholipases A2 (PLA.) are present in the venom
composition, with PLA, being responsible for specifically catalyzing the hydrolysis of the
sn-2 acyl groups of membrane phospholipids to release arachidonic acid and lysophospholip-
ids [26,27]. The replacement of the amino acid aspartate by a lysine in position 49 provokes
loss of enzymatic activity of these PLA,, and therefore these variants have been referred to
as Lys49 PLA, homologues capable of disrupting the integrity of membranes and provoking
many pharmacological effects [28-31]. These proteins have been studied for a long time and
this last decade many studies have demonstrated their therapeutic potential as promise models
for therapeutic agents design, since numerous studies have demonstrated the action microbi-
cides, antitumor, antiplatelet and antiangiogenesis activities, although many advances have
been made in cancer therapy, the search for new drugs from natural resources is one important

topic of biomedical research [32-34].
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1.2.1.2.1. BnSP-6 — Lys49 PLA, from Bothrops pauloensis

PLA2-BnSP-6 has a molecular mass of 13,420 Da, with 122 amino acid residues in its-
dimeric form. It has a high content of basic and hydrophobic amino acids and isoelectric point
(pD)of 8.6. This phospholipase also has no phospholipase or coagulant activity [35,36].

In this context, recently our group published a work showing the in vitro antitumor
effect of BnSP-6, a Lys 49 PLA isolated from Bothropspauloensis venom on human breast
cancer MDA-MB-231 cells [34]. In this work, we demonstrated that BnSP-6 caused a dose-de-
pendent cytotoxicity and inhibited cell adhesion of human breast cancer MDA-MB-231 cells.
Interestingly, cytotoxic activity of BnSP-6 was significantly lower against MCF10A, a non-
tumorigenic breast cell line. BnSP-6 stimulated the autophagy process and induced both early
and late apoptosis. Apoptosis of MDA-MB-231 cells were also confirmed by up-regulation of
different genes related to the apoptosis pathway, such as TNF, TNFRSF10B, TNFRSF1A and
CASP8 and decreased expression of anti-apoptotic genes (BCL2 and BCL2L). In addition,
BnSP-6 caused a remarkable increase in gene expression of BRCA2 and TP53 tumor suppres-
sors. Finally, BnSP-6 induced down-regulation of Angiopoietin 1 gene, a potent pro-angiogen-
ic factor, and inhibited adhesion and migration of MDA-MB-231 cells, suggesting pharmaceu-
tical applications of this PLA  as an anti-angiogenic and anti-metastatic agent [34].

1.2.1.2.2 BthTX-II- Phospolipase A2-Asp49 of Bothrops jararacussu

Several constituents of Bothropsjararacussu venom have already been isolated, and bio-
chemically and functionally characterized. Among them, two PLA_s named Bothropstoxin I
(BthTx-I) and Bothropstoxin II (BthTx-II) [37] have been intensively explored. The BthTx-
IT is a basic Asp49 phospholipase A2 with 13,976 Da and 120 amino acid residues [38-40].
This toxin has several biological effects, including myotoxicity, edematogenic activity, low
phospholipase activity, induces platelet aggregation and presents hypotensive activity [39-41]
PLA2 BthTx-I has already been explored for its antitumor potential by our research group
[42]. We are currently investigating its action on breast cancer cells.

2. Results and Discussions
2.1. Pepstatin A

CdSe/CdS MSQDs were incubated with MCF-10A and MDA-MB-231. The internal-
ization of MSQDs was visualized under a confocal fluorescence microscopy.
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Figure 1: Pepstatin A effect in breast cells. A) MCF-10 A normal breast cells with quantum dots; B) MDA-MB-231
triple negative breast cancer cells treated only with MSQDs; C) MDA-MB-231 triple negative breast cancer cells treated
with 1pm of MSQDs bioconjugated with Pepstatin A. D) MDA-MB-231 triple negative breast cancer cells treated with
10uM of MSQDs bioconjugated with Pepstatin A. The bar corresponds to 200 pm.

In the Figure 1 observed a green fluorescence of the MSQDs bioconjugated to Pepstatin
A in two doses (1pm. - Figure 1C, and 10um - Figure 1D) was detected inside the cytosolic
compartment of MDA-MB-231 cells in 6h after treatment. Notably, we verified that CdSe/CdS
MSQDs alone is not internalized both in MCF-10A (Figure 1A) and MDA-MB-231 (Figure
2B).

Our present study suggests that Pepstatin A bioconjugated with MSQDs could be a
novel and specific treatment for triple negative breast cancer since it was able to penetrate
specifically at MDA-MB-231 in a short period (6 hours). However, for clinical use, we sug-
gestan additional investigation with in vivo models to better understand the pharmacokinetics,
toxicity, tissue distribution and MSQD elimination.

2.2 Phospholipases

2.2.1 BnSP-6
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Figure 2: BnSP-6 effect in breast cells. A) MCF-10 A normal breast cells with quantum dots; B) MDA-MB-231 triple
negative breast cancer cells treated only with MSQDs; C) MDA-MB-231 triple negative breast cancer cells treated with
1 ng/ml of MSQDs bioconjugated with BnSP-6. D) MDA-MB-231 triple negative breast cancer cells treated with 50ug/
ml of MSQDs bioconjugated with BnSP-6. The bar corresponds to 200 pm..

As shown in Figure 2, the blue fluorescence of the MSQDs bioconjugated with BnSP-6
in two doses (1pug/ml - Figure 2C,and 50ug/ml - Figure 2D) was detected inside the cytoso-
lic compartment of MDA-MB-231 cells after3h treatment. Notably, we verified that MSQDs
alone is not internalized both in MCF-10A (Figure 1A) and MDA-MB-231 (Figure 1B).

Our present study suggests that BnSP-6 coupled to the MSQD could be a recent and
specific treatment for triple negative breast cancer since it was able to penetrate specifically at
MDA-MB-23limmediately after treatment. However, more studies must show itsclinical use.
We also suggestin vivo models for additional investigation todemonstrate its pharmacokinet-

ics, toxicity, tissue distribution and MSQD elimination.

2.2.2. BThtX-II

Figure 3: BThtX-II effect in breast cells. A) MCF-10 A normal breast cells with quantum dots; B) MDA-MB-231 triple
negative breast cancer cells treated only with MSQDs; C) MDA-MB-231 triple negative breast cancer cells treated with
1pg/ml of MSQDs bioconjugated with BThtX-II. D) MDA-MB-231 triple negative breast cancer cells treated with
50pg/ml of MSQDs bioconjugated with BThtX-II. The bar corresponds to 200 um..

Similarly to the BnSP-6 effect shown in Figure 2, the blue fluorescence from MSQD
bioconjugated to BthTx-II in two doses (1ug/ml - Figure 3C,and 50ug/ml - Figure 3D) was
detected inside the cells’nucleicompartment of MDA-MB-231 cells 3h after treatment. Nota-
bly, we verified that the MSQD alone was not internalized in both MCF-10A (Figure 2A) and
MDA-MB-231 (Figure 2B).

Our present study suggests that BthTX-II bioconjugation to the MSQD could be a nove-
land specific treatment for triple negative breast cancer, since it was able to specifically pen-
etrate MDA-MB-231 cells immediately after treatment. However, new studies are under way
in order to demonstrate the PLA2 applications as promising drug against triple negative breast

cancer.
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3. Conclusion

In conclusion, our review has successfully demonstrated the exploitation of possible
therapies for triple negative breast cancers with unexplored theranostic tools, specifically by
tracking three major tumor targets coupled with CdSe/CdS MSQDs in tumor cells, Pepstatin
A, BnSP-6 and BthTx-II, which may become potential therapeutic strategies in the near fu-
ture.
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