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Resumo

Os compostos de platina entraram em uso clinico, ha mais de 40 anos, com a aprovagdo da cisplatina,
permanecendo ainda hoje, ¢ apesar dos progressos da medicina e do conhecimento, como uma das classes de
medicamentos anticancerigenos mais usados na clinica. Contudo, as abordagens no uso dos medicamentos a
base de platina para o tratamento dos diferentes tipos de cancro carecem de melhoramento. Neste projeto de
doutoramento descreve-se o desenvolvimento de uma nova familia de metalodendrimeros, basecados em
dendrimeros anidénicos de poli(amidoamina) (PAMAM), funcionalizados na sua superficie com cisplatina ¢
1,2-ciclohexanodiaminaplatina explorando-se o seu potencial como plataforma de entrega de farmacos em
diferentes tipos de cancro. O farmaco 5-fluorouracilo foi posteriormente encapsulado nos metalodendrimeros
preparados com o objectivo de melhorar a sua eficacia, ¢ avaliar o eventual efeito sinérgico. Igualmente foram
desenvolvidos estudos para aumentar a fluorescéncia intrinseca dos dendrimeros PAMAM com terminagdes
amina, através da oxidagdo com persulfato de amoénio. Além disso ensaiou-se também o encapsulamento da
doxorrubicina, um conhecido farmaco para o tratamento de varios tipos de cancro. No primeiro capitulo €
apresentado o estado de arte dos sistemas de entrega de farmacos, particularmente os dendrimeros ¢ o seu uso
como agentes anticancerigenos. Neste capitulo apresentam-se igualmente, os diferentes compostos de platina
usados na terapia dos varios tipos de cancro. O segundo capitulo baseia-se na sintese e caracterizacdo de
dendrimeros aniénicos PAMAM, coordenados com cisplatina nas formas mono ¢ bidentada, ¢ no estudo do
seu potencial como farmacos anticancerigenos em varias linhas celulares cancerigenas. Estes compostos foram
também estudados quanto a sua biocompatibilidade face as células de sangue humano e avaliada a ligacdo ao
ADN. Nos metalodendrimeros mais promissores foi encapsulado o 5-fluorouracilo para estudar o efeito
sinérgico do fiarmaco. No terceiro capitulo, os dendrimeros anidnicos foram coordenados com o 1,2-
ciclohexanodiaminaplatina e testados em diferentes tipos de cancro. Foram ainda avaliados a ligagdo ao ADN
¢ a hematoxicidade. O 5-fluorouracilo foi encapsulado no metalodendrimero mais eficaz e, o seu potencial
anticancerigeno ¢ possivel efeito sinérgico avaliado. No quarto capitulo, trés gera¢des de dendrimeros
PAMAM com terminagGes amina foram oxidados com persulfato de amoénio ¢ as suas propriedades
fluorescentes, citotoxicidade e hematoxicidade estudadas. A terminar, no quinto capitulo, apresentam-se as

conclusGes mais importantes ¢ as perspectivas futuras.

Palavras-chave: Dendrimeros PAMAM, cisplatina, 1,2-ciclohexanodiaminoplatina, metalodendrimeros,

fluorescéncia, anticancerigeno.



Abstract

Platinum compounds entered the clinic more than 40 years ago with the approval of cisplatin and remain today
among the most widely used anticancer drugs, despite the progress of medicine and the knowledge in the field.
Nonetheless, the approaches to the use of platinum-based drugs need to be improved.

This Ph.D. project describes the development of a new family of metallodendrimers based on anionic
poly(amidoamine) (PAMAM) dendrimers functionalized on their surface with platinum drugs like cisplatin
and 1,2-cyclohexanediamineplatinum (DACHPt). Their potential as an effective drug delivery platform was
evaluated against different types of cancer. Furthermore, the chemotherapeutic drug 5-Fluorouracil (5-FU) was
encapsulated within the metallodendrimers to study the synergetic effect of the combined drugs. The
enhancement of the blue intrinsic fluorescence of amine-terminated PAMAM dendrimers was explored by
using an oxidative treatment with ammonium persulfate (APS). The chemotherapeutic agent doxorubicin
(DOX) was encapsulated in the prepared dendrimers, and the system was studied for bioimaging and as an
anticancer drug. The first chapter elucidates the state of the art of drug delivery systems, particularly the
dendrimers and their use as anticancer agents. The current state-of-the-art platinum drugs for cancer therapy
were also revised in this chapter. The second chapter, which relies on the synthesis and characterization of
anionic PAMAM dendrimers coordinated with cisplatin in mono and bidentate forms, and their potential as
anticancer drugs was evaluated against various cancer cell lines. The biocompatibility with human blood cells
and DNA binding were also studied. The most promising metallodendrimers as anticancer drugs were
encapsulated with the 5-FU to evaluate the potential synergetic effect. In the third chapter, the anionic
PAMAM dendrimers were coordinated with DACHPt and tested in several cancer cell lines. Biological studies
such as DNA binding and hematoxicity were also assessed. Finally, 5-FU was encapsulated in the best
metallodendrimer, and their anticancer potential through a possible synergetic effect of both drugs was studied.
In the fourth chapter, three generations of amine-terminated PAMAM dendrimers were oxidized with APS,
their fluorescence properties evaluated, and their cytotoxicity and hematoxicity. The fifth chapter focuses on

the main conclusions and the future perspectives of the work achieved.

Keywords: PAMAM dendrimers, cisplatin, 1,2-diaminocyclohexanedichloroplatinum(II),

metallodendrimers, fluorescence, anticancer.
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Introduction

In this chapter, a literature review on cancer and topics related, such as, different drug carriers and anticancer
drugs will be presented and discussed. More attention will be given to dendrimers as delivery systems and

platinum drugs already under use in the clinic to treat cancer.

1. Cancer

Cancer is a leading cause of mortality worldwide'?. According to GLOBOCAN and the International Agency
for Research on Cancer - World Health Organization (WHO), in 2020, it was estimated that this disease had
caused 10 million deaths and 19.3 million new cases in the world'. In Portugal, 30.2 thousand people died, and
60.5 thousand new cases have emerged. Additionally, the three types of cancer with a higher incidence of
mortality in Portugal were colorectal, breast, and prostate cancer’. Nowadays, cancer is responsible for 1 in 6
deaths, corresponding to more deaths than HIV/AIDS, tuberculosis, and malaria diseases. Reports on the field
estimated that in 2040, the global cancer burden will reach 27.5 million new cases and 16.2 million deaths due
to aging and population growth*. These facts indicate the severity and complexity of cancer. For that reason,

new strategies are required to fight this disease.

1.1.Definition of cancer

Cancer is classified as a group of diseases where an abnormal and uncontrolled growth of cells occurs in the
body. It is a process that involves multiple stages (Figure 1) in which genetic mutations lead to disturbances
in the regulation of cell division and differentiation, causing an imbalance in its proliferation and cell death.
Since an abnormal cell cannot repair anomalies in its genetic material, DNA (Deoxyribonucleic acid), or can
accept signals that normal cells use to stop dividing or begin a programmed cell death process, a process known
as apoptosis®~’. For a normal life cycle, when cells become old/defective, they are replaced by cells as they are
needed to keep the body healthy. Cancerous cells differ from healthy cells due to a lack of control in their
growth, making them invasive. While healthy cells can acquire distinct specializations forming different types
of cells, cancerous cells are less specialized, multiplying without stopping (Table 1). The result is that the
abnormal growth of cells leads to the mass formation named tumor’®. There are two types of tumors, benign
and malignant. Malignant tumors are called carcinogens because they can spread in the body through the blood,
lymphatic system, or invading tissues close to them, forming new tumors named metastases®”. When a tumor
grows, angiogenic factors (e.g., vascular endothelial growth factor (VEGF)) are synthesized and secreted to
induce the formation of a complex blood vessel system. Later, the lymphatic vessels would also extend from

host tissues to the tumor, where the tumor also induces the growth of lymphatic vessels (lymphangiogenesis)!-
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Figure 1: Process of cancer development.

In the initial stage of metastasis, cancer cells spread in the lymphatic circulation. They have a greater
probability of survival since the lymphatic capillaries have a slightly larger diameter than the blood capillaries,
and the composition of the lymphatic fluid is similar to the tissue fluid. The lymphatic capillaries have a thin
wall of lymphatic vascular endothelial cells with weak links between them than blood cells and greater
permeability, which is the most common route for the transendothelial migration of cancer cells'*!>!°. On the
other hand, metastasis is also considered a major route to other distant organs, as they can express different
receptors to bind to proteins, platelets, red blood cells to prevent the immune system. Although less than 0.01%
of cancer cells that enter the bloodstream can form metastases, those that survive are in the capillary beds of
the organs and then invade it by extravasation (movement of cells from a blood vessel to tissue). Afterwards,
if cancer cells adapt to the new host's microenvironment, they can form new metastases with different
biological characteristics than the primary tumors. The most common destinations for metastases are the liver,
brain, bones, and lungs. For this reason, it is more challenging to treat metastases than benign tumors.
Although, it is important to emphasize that less than 0.1% of cancer cells that enter the bloodstream only
survive 24 hours!?. While benign tumors do not spread or travel to other parts of the body, they can usually be
removed without growing back. They grow slowly and in a well-defined area. However, they can be lethal in
some cases, depending on where they grow, as they can cause compression on other organs. Nevertheless,
some cancers do not form solid tumors, such as hematological cancers in which cancer cells circulate through
the body. Cancer cells can influence the environment surrounding them, known as microenvironments, such
as cells, blood vessels, fibroblasts, molecules, and other surrounding structures, so that they provide nutrients
and oxygen necessary for their growth. They can also avoid the immune system, responsible for eliminating
abnormal/damaged cells, protecting the body against infections, and use the immune system to grow and
prevent their death™,

Usually, the cancer types are classified depending on the body part and tissue where the tumor begins®.
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Table 1: Principal differences between normal and cancer cells. Adapted from reference®.

Normal cells Cancer cells
Regular, small and uniform shape. | Trregular, large and variable shape.
Single and small nucleus. Multiple and large nucleus.

Lack of integrity genome with

Integrity genome. multiple mutations.

Non-controllable growth and

Growth and proliferation in control. proliferation.

Lose some/all diferenciated functions

Normal cell function. of their parente cell.

Blood supply- Angiogenesis during

fepait. || Blood supply- tumor angiogenesis.

Normal polar surface with regular [] Lose polarity, over expression of
receptors. some proteins/receptors as markers.

Intracellular pH: ~ 7.2 and [] Higher intracelular pH: >7.4 and
extracelular pH:~ 7.4. lower extracelular pH: ~ 6.7-7.1.

D Nutriente source: Fat, Serine, Ketone,

Nutrient source: Glucose. Glycine, Glucose, among others.

1.1. Causes

Cancer is caused by a mutation in the genes of cells essential for their cellular function. These genetic
alterations can be due to internal and/or external factors that can act together or in sequence to promote
cancer**’. External factors include tobacco, alcohol consumption, overweight, physical inactivity, unhealthy
diet, ultraviolet radiation (like sun exposure), and infectious microorganisms that can transform cells or cause
chronic inflammation. As for internal factors, there are hereditary genetic mutations, hormones, and
immunological conditions. Cancer can thus develop during a person's life (increasing the cancer probability

with age) due to genetic errors or environmental exposures*>’.

1.2. Treatments

Over the years, there has been a remarkable progression in understanding cancer mechanisms, diagnosis, and
therapy, leading to significant advances in its treatment. However, cancer still remains a complicated disease
to prevent and treat due to its complexity. It is a disease that evolves and progresses over time and can affect
any body part, making its treatment a challenge’*!'"'*. Regarding treatment, there are three main processes:

surgery (for the role of surgery in triggering metastases, see the interesting review by Samer Tohme ef al.'?),
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radiation, and chemotherapy. Surgery is used to remove tumors that are well defined as well as radiation.
Radiation is a localized therapy, which acts essentially on cancerous tissues, minimizing the death of normal
cells by damaging the cell’s DNA, blocking their cell cycle, that is, their capacity for cell division and
proliferation, ultimately leading to their death®”®!"!8, These two treatments are effective only for local and
non-metastatic cancers®?°. On the other hand, chemotherapy is used mainly to treat metastatic cancers and as
an adjunctive treatment to surgery and radiotherapy as it can reach all body organs through the
bloodstream®7”-*17-18,

Chemotherapy is based on the use of drugs that inhibit the proliferation and regeneration of cells with a high
capacity to reproduce, such as cells in the skin, hair, bone marrow, and epithelium gastrointestinal tract cells.
The inhibition of cancer cells and other normal cells with this high replication capacity causes high undesirable
effects in the treatment due to its high risk of toxicity. The effectiveness of drugs is often limited by the low
concentration that reaches the therapeutic site since the rest of the medication also goes to other parts of the
body. For this reason, the doses administered cannot be high as they reach healthy organs/tissues. Besides,
other complications can also occur in the long term, such as pathologies like cardiotoxicity, neurotoxicity,
nephropathy, infertility, chronic liver damage, and drug resistance. However, when a treatment is not possible,
chemotherapy is used to prevent the progression of the disease or, in terminal cases, to relieve symptoms and
improve the quality of life of patients®®*!7!®  Nonetheless, other treatments have appeared over time to
minimize the suffering and death of cancer patients, such as photodynamic therapy, photothermal therapy,
drug therapy with nanoparticles, and gene therapy®*®.

Photodynamic therapy is a non-invasive treatment in which cancer cells are destroyed by a photosensitizing
drug activated by specific wavelengths of light®. On photothermal therapy, cancer cells are damaged by heat
through a photothermal agent activated by light that causes irreversible cell damage and consequently cells
death. Despite being more selective for cancer cells once they tolerate light heat, this method is limited because
it causes damage to the surrounding healthy tissues. However, non-toxic photothermal agents have recently
been used to decrease this unwanted effect with the ability to absorb light and convert it to heat. Being
biocompatible, photostable, and with close infrared absorption®.

Drug therapy with nanoparticles consists of using a carrier to transport the drug or, acting as a drug herself,
targeting cancer cells more accurately and reducing the toxicity effect on normal tissues. This therapy
maximizes the drug quantity to be transported, thus increasing its bioavailability in the desired location,
stability, and efficiency, contrary to systems that only transport a single drug molecule®®.

Gene therapy constitutes three different methodologies: immunotherapy, gene transfer, and oncolytic
virotherapy that uses genetic materials capable of modifying cancer cells or stimulating immune cells through
their suppression®®. Immunotherapy uses cellular debris or viral vectors that stimulate the immune system to
destroy cancer cells. For this, vaccines, lymphocytes, cytokines, and monoclonal antibodies are used to

improve the effectiveness®®.
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Gene transfer is another cancer treatment method that introduces new genes into cancer cells to suppress cell
proliferation and promote cell death. However, this method presents some controversy and concerns regarding
the potential contamination of healthy cells and the exact insertion of genes into the correct location®.

In contrast, oncolytic virotherapy uses viral conjugates incorporated into the genome of cancer cells, causing
cell lysis as the virus spreads or by inducing the expression of some toxic proteins. This therapy minimizes the
toxic effects on healthy tissues. However, this method has disadvantages, among which many gaps still need
to be overcome concerning its clinical application, like its safety and the unpredictable side effects that make

this methodology expensive®.

1.3. Cancer nanomedicine

Currently, cancer treatment methods such as surgery, radiation, and chemotherapy, despite being widely used,
show limitations due to the complexity and heterogeneity of the disease!”'®*!. Thus, nanomedicine for cancer
has emerged as a promising approach to achieving a better response in diagnosing and treating cancer. As the
name suggests, nanomedicine uses nanoscale tools to diagnose better, prevent, and treat cancer. It consists of
using delivery systems known as nanocarriers, nanodrugs, or nanotherapeutics that aim to improve the therapy
efficiency of existing chemotherapeutic agents by combining them with a nanoscale delivery system!7-1821-23,
However, there are still gaps in the scientific knowledge of these nanomaterials, such as their long-term effects
and their safety. Therefore, the nanotherapeutic approach leads to inadequate protocols for increasing
production, creating barriers to public acceptance, investors, and commercial approval. Hence, nanomedicine

remains a challenge?!?2.

2. Drug delivery systems

Drug delivery systems targeted cancer nanomedicine is an important field as it aims to improve treatment by
increasing its effectiveness and reducing side effects since it has tumor specificity compared to conventional
chemotherapeutic drugs. The ideal drug delivery system must have a set of features such as stability, present
a long-circulating half-life in the bloodstream and low premature release of the drug; go undetected so as not
to be captured by the reticuloendothelial system (RES); accumulate inside the tumor either by passive or active
targeting; having the ability to cross the blood vessel and tumor stroma barriers; be able to release the drug at
the desired location within the cells, improve problems of solubility and stability of the drugs, reduce the drug
resistance and be biocompatible and biodegradable. In this way, a drug delivery system not only protects
against drug degradation but can cross the biological barrier to deliver the drug to a specific location (the
therapeutic target)**®. Indeed, a diverse variety of nanocarriers, including organic and inorganic materials

based, has been explored in recent times!®22-26



2.1. Nanocarriers for cancer

The improvement of nanotechnology has led to the development of new nanomaterials with excellent
properties for cancer therapeutic and diagnostic applications'’?"*®. Nanomaterials are known for their
nanoscale dimension in the range of 1 to 100 nm, making them an ideal system for delivering anticancer
drugs!’. In this sense, when nanomaterials are used to transport other drugs, they are known as nanocarriers?.
Nanocarriers have then been used to overcome the problems associated with conventional drug delivery
systems. As conventional nanocarriers cannot transport and release the drug in the desired location, with the
desired concentration, and under either internal or external stimulation, being necessary to functionalize them
with the required characteristics®®. So, nanocarriers are systems of a nanometric scale capable of transporting
anticancer drugs such as low molecular weight drugs or macromolecules, including proteins or genes, allowing
these agents to avoid healthy tissues and accumulate in tumor tissues in higher concentration®®%1726 In fact,
they improve the performance of anticancer drugs concerning safety, specificity, and bioavailability, taking
advantage of the properties of the nanoscale range. These drugs can be transported by nanosystems via covalent
bonding to the surface of the nanomaterial either by degradable bonds or nondegradable bonds, adsorption, or
physical entrapment. The physical-chemical properties of nanocarriers are fundamental in the interactions
between the nanomaterial and the environment found during the treatment. Thus, in addition to size being an
important factor for internalization into tumor tissue, the shape and characteristics of the surface must be
adjustable to allow for better system efficiency and lower toxicity™>6817-21.26

As stated before, angiogenesis in cancer induces new tumor blood vessels, typically with irregular forms and
architectures, which leads to increased permeability, EPR effect (enhanced permeability and retention effect),
and also due to the poor lymphatic drainage of the tumor allows passive accumulation of nanocarriers into
tumor tissues with the release of the chemotherapeutic drugs near on the tumor’*=®. Thus, as previously
mentioned, nanocarriers must have certain characteristics. They must have an extended circulation half-life to
reach the tumor and avoid the action of the mononuclear phagocytic system, also named the reticuloendothelial
system, to release the drug subsequently™®*'~2*. Therefore, the nanocarrier size should not be greater than 400
nm, and to escape the immune system and reach the extravasation in tumors by the ERP effect size should be
below 200 nm. So, very small particles can extravasate into the surrounding normal tissue, which leads to less
specificity, and very large particles tend not to extravasate, as their diffusion is difficult and as the tumor is not
homogeneous, its accumulation will not be the same>52!. Furthermore, the surface of the nanocarriers must be
hydrophilic and neutral or slightly anionic to avoid plasma proteins and delay the attack of macrophages. The
surface camouflage can also be carried out with the help of hydrophilic polymers such as polyethylene glycol
(PEG) or with amphiphilic polymers such as synthetic copolymers of polyethylene oxide (hydrophilic part)
and propylene oxide (hydrophobic part). Besides, the surface of blood vessels and cells contains negatively
charged components that can repel nanocarriers with negative surfaces. Therefore, nanocarriers with slightly
negative or positive surfaces charge should be used™®*’. Nevertheless, once exposure of drugs to the tumor

environment depends on many factors than those mentioned, it is also important to highlight the following:
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- the type and size of the tumor, as well the anatomical localization, proliferation rate, and necrosis;
- the dense vasculature, the volume, the permeability, and its distribution relative to stromal, tumor
cells, and blood flow;
- the architecture, composition, and rigidity of the matrix and the density of the stroma;
- the location and pressure gradients of the interstitial fluid between the tumors;
- the density, function, and lymphatic system location within and around the tumor and the function and
number of macrophages®.
The efficient delivery of nanomaterials occurs selectively with the intracellular accumulation in cancer cells
through active, passive, and physical targeting, decreasing the toxicity in healthy tissues as desired and, in a
way, overcoming the resistance mechanism of chemotherapeutics!”-2!-23-2%-38,
As stated before, it is, despite the controversy, commonly accepted that passive accumulation at the tumor site
occurs through the EPR effect, which allows nanomaterials to penetrate the tumor and stay longer because of
the leaky tumor vasculature and poor lymphatic drainage (Figure 2). In addition, the nanocarrier circulates in
the bloodstream for a more extended period. Also, as they are nanometric in size, they can enter the cancer
cells by other mechanisms of endocytosis, overcoming resistance mechanisms when compared to conventional

chemotherapeutic drugs'”-?!-232%-37:39,
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Figure 2: Representation of EPR effect in drug delivery. Adapted from reference.



The first nanosystem approved by the FDA (Food and Drug Administration) for cancer treatment was
DOXil®/Caelyx® (with a size of 100 nm), pegylated injectable liposomes with encapsulated doxorubicin
(anthracycline antibiotic with anticancer activity based on inhibition of topoisomerase II)*, targeted against
HIV-related Kaposi sarcoma tumor, and ovarian cancer. Another example is Abraxane® (size 130 nm), based
on paclitaxel (a member of the taxane family of antimitotic agents) linked to albumin in the form of injectable

nanospheres!”-1:23

. More recently, in 2017, FDA approved a nanoformulation of liposomal entrapped
cytarabine — daunorubicin combination (CPX-351 Vyxeos™) that showed an increase in survival from 6 to
9.6 months for patients with acute myeloid leukemia when compared with the use of the free form of the drug'”.
Other nanosystems have been approved, which has opened new opportunities for cancer treatment!’. However,
the effectiveness of the used therapy is limited by the heterogeneity of the EPR effect seen within and between

different tumors!”*

. Therefore, non-uniform extravasation of nanoparticles may occur in the target area due
to variable endothelial gaps resulting from the vigorous growth of tumor cells'’.

Active targeting consists of a ligand-mediated targeted approach that involves recognition by affinity,
absorption, and/or retention by target cells. Chemical affinity is based on different specific molecular
interactions such as receptor-ligand interactions, charge-based interactions, and facilitated motif-based
interactions with substrate molecules!”?!?*. The ligands can be biomolecules such as proteins, antibodies,
nucleic acids, peptides, carbohydrates, and/or vitamins. The target substrates can be surface molecules
expressed in proteins, sugars, or lipids present in organs, diseased cells, molecules present or secreted by cancer
cells in the diseased cell microenvironment. This approach has been explored to increase the internalization of
nanoparticles by the target cells and the effectiveness in drug delivery'’?%. One example is the anti-HER2
targeting ligand moieties functionalized on the surface of the liposome, which has been found to increase the
cellular uptake of nanoparticles in cancer cells expressing HER2, a cancer marker. In another example, insulin-
like growth factor 1 (IG1) was synthesized and conjugated to magnetic iron oxide nanoparticles (IONPs) with
doxorubicin as a therapeutic drug. After intravenous administration of this nanocarrier in the pancreatic cancer-
derived xenograft (PDX) prototype, remarkable tumor targeting and internalization were observed. The
location and internalization of these nanoparticles were determined using magnetic resonance imaging (MRI),
with the nanosystem significantly inhibiting the growth of pancreatic PDX tumors!”-2!:3,

The physical targeting or external forces can be used to improve the accumulation of anticancer drugs in tumor
tissues. These external forces can be magnetic, heat, ultrasound, light waves, including near-infrared,
ultraviolet, and visible. On the other hand, the accumulation of the drug can also be controlled by endogenous
factors such as temperature, pH, and even the ROS (reactive oxygen species) of the tumor microenvironment?®.
The surface of magnetic nanoparticles (MNP) can be layered to produce multifunctional nanoparticles to
diagnose and treat cancer. Morcover, these multifunctional nanoparticles can be designed to avoid the
accumulation of drugs in healthy tissues. For example, MNP can be heated via a high-frequency magnetic
field, inducing the death of cancer cells by thermal therapy®. Moreover, as the tumor microenvironment is
slightly acidic, hypoxic, and mild hyperthermia, these factors can be considered in the previously mentioned

therapeutic methods as nanosystems depending on their functionalization to respond to stimuli®. An example
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of a nanocarrier for treating liver cancer, presently in a clinical trial, is the Lyso-thermosensitive liposomal
doxorubicin (LTLD) with physical targeting by hyperthermia and ultrasound?.

The nanocarriers used in cancer therapy are diversified as well as the anticancer drugs that can be used in the
therapy independently or in conjunction with other drugs®®*%*. Cancer therapy using combinations of various
drugs is another method used to minimize the toxic effects on healthy tissues and overcome the drug resistance

mechanism?.

2.1.1. Types of nanocarriers

Nanocarriers are structures that protect drugs from physiological phenomena and, in addition, provide a
prolonged release of the drug due to their multivalent properties (Figure 3). The most common nanocarriers
used for cancer treatment are liposomes, organic/inorganic nanoparticles (quantum dots, carbon nanotubes,
gold nanoparticles, superparamagnetic iron oxides, and mesoporous silica nanoparticles (MSNs)), micelles,
dendrimers, and polymers™%%2!-2¢2° Following, the main types of nanocarriers will be described briefly, except

for dendrimers, where the approach will be developed in more depth due to the aim of this project.
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Figure 3: Illustration of different types of nanomaterials used as drug delivery and their properties. Adapted from
reference!’.
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2.1.1.1. Liposomes

Liposomes are small vesicles based on phospholipids, which are an important component in the cell membrane
(Figure 3). Phospholipids consist of a hydrophilic head based on phosphate and a hydrophobic tail based on a
hydrocarbon chain of fatty acids. In an aqueous medium, the molecule's head is attracted to water, while the
tail is repelled, forming a two-layer vesicle by self-assembly where one part is polar and the other non-polar.
Thus, the nucleus formed by this bilayer can retain water or encapsulate hydrophilic drugs. On the other hand,
lipophilic drugs can be adsorbed on the membrane. Furthermore, depending on the number of bilayers and the
liposome size, there are three types of vesicles: the multi-lamellar, the small uni-lamellar (SUV), and the large
uni-lamellar (LUV)>821.2629 T iposomes can be prepared by different conventional methods, such as reverse
phase evaporation, solvent injection technique, thin-film hydration, also known as method Bangham, and
detergent dialysis. However, as these methods have limitations, other methods have been developed with the
help of technology, such as supercritical fluid, supercritical reverse-phase evaporation, and the supercritical
anti-solvent method>?’. In fact, the biggest challenge in using these liposomes is to make them more efficient,
functionalizing them with other molecules. The so-called conventional liposomes present problems regarding
their mobility, an insufficient amount of drug and faster release of it, and have a shorter circulation time in the

bloodstream™>?°

. Molecules such as proteins, vitamins, peptides, carbohydrates, glycoproteins, monoclonal
antibodies, and antibody fractions are usually grafted onto liposomes to target the cancer site actively. Which,
in turn, can respond to various external or internal stimuli such as pH, redox reaction, enzyme, ultrasound,
light, and microwave. They can be used to diagnose and treat the tumor-like radiolabeled liposomes, carry

therapeutic and imaging agents, and be designated as theranostic liposomes®%

. Overall, liposomes are
biocompatible, biodegradable, and non-immunogenic and are therefore versatile for therapeutic applications™S.
Liposomes as a nanocarrier of anticancer drugs have been extensively evaluated®. Examples of liposome-
encapsulated anticancer drugs in the market include Doxil® (BAXTER Healthcare Corporation)**,
doxorubicin hydrochloride encapsulated in stealth liposomes* and Marqibo® (ACROTECH Biopharma,

LCC)**"  a formulation containing vincristine sulfate®?'.

2.1.1.2. Micelles

Micelles are spherical amphiphilic structures made up of a hydrophilic core and a hydrophobic shell, which,
when exposed to a solvent, has the characteristic of self-assembly (Figure 3). This can occur if the solvent is
hydrophilic and the concentration exceeds the critical micellar concentration (CMC). The copolymer polar
parts are attracted towards the solvent and, the hydrophobic parts move away from the solvent. Therefore, the

hydrophilic parts form a shell, and the hydrophobic parts form the nucleus.

*Note: Stealth technology consists of a liposomal coating that evades detection and destruction by the immune system**.
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This arrangement is known as a direct or regular polymeric micelle. The hydrophilic shell stabilizes the micelle
while the nucleus stores the drug>%3** However, when exposed to a hydrophobic solvent, they produce
another structure, called the reverse micelle, where the nucleus forms the hydrophilic part and the shell the
hydrophobic®#°. As the micelles have a diameter less than 50 nm and their shell is hydrophilic, circulation time
in the bloodstream is increased and, consequently, the ability to release the drug in the target site due to its

resistance to elimination by the reticuloendothelial system®62°48

. Depending on the solubility of the
copolymer, the micelles can be prepared in different ways. If the copolymer is soluble in water, the method of
direct dissolution and casting the film is used. If the copolymer is not easily soluble in water, dialysis or an oil
in water procedure is used”. However, there are limitations in the micelles use. Such as the drug's early release
due to the CMC, its interaction with blood and, the absorption of unimers to plasma proteins that can disturb
the balance between micelle and blood. To overcome these limitations, the micelles usually are cross-linked.
That is, two polymer chains are linked through the formation of disulfides. There are two types of crosslinking,

5,29.48

shell crosslinked polymeric micelles and core crosslinked polymer micelles . Different types of ligands
are used to functionalize the micelle surface to actively target cancer cells, namely antibodies, peptides, folic
acid, aptamers, and carbohydrates, among others. In this sense, anticancer drug release in the correct
concentration can be obtained by functionalizing the nucleus and the shell. For the release of the drug, various
stimuli such as pH, temperature, oxidation, enzymes, and ultrasound can be used. A multifunctional micelle
can also be used for synergistic effects in cancer treatment. In addition, micelles can also be functionalized on
the surface with imaging agents to diagnose and monitor cancer”. An example of micelles in cancer treatment
is the co-delivery of thioridazine and DOX through polymeric micelles, which produced a stronger antitumor

activity™®.

2.1.1.3. Polymers

Polymers (Figure 3) can be classified into three categories: natural polymers such as peptides, glycans,
cellulose, starches, and proteins; synthetic polymers synthesized from monomers, such as poly (lactic-co-
glycolic acid) (PLGA) and polylactic acid (PLA); and microbial fermentation polymers such as
polyhydroxybutyrate?®. The natural polymers that are used in the synthesis of nanoparticles are dextran,
albumin, chitosan, alginate, gelatin, collagen, and heparin. For example, PLGA nanoparticles coated with
chitosan and nanoparticles with chitosan can be used as nanocarriers to deliver proteins in specific

organs™>6-21:26,

On the other hand, synthetic polymers such as N-(2-hydroxypropyl)-methacrylamide
copolymers, monomethoxypolyethylene glycol-block-polycaprolactone nanoparticles, PLA-PEG-PLA
nanoparticles, PEGylated PLA nanoparticles, and poly-PLGA nanoparticles assist in the transport of proteins
within the drug capsules. Furthermore, PEG prolongs the circulation time of the nanoparticles in the
bloodstream and improves the stability of the nanoparticles that are exposed to gastrointestinal fluids>®*.
Nevertheless, the most studied polymers are biodegradable polymers, including PLA, PLGA, poly-alkyl-

cyanoacrylates (PACA), chitosan, and polycaprolactone (PCL)’.

13



PLA is a biodegradable and biocompatible polymer that degrades in the body to monomeric units of lactic acid
as a natural intermediate in the metabolism of carbohydrates®®?°. An example is PLA nanoparticles loaded
with oridonin (a natural diterpenoid). The results showed greater efficiency in trapping the drug into the PLA
nanoparticles and a longer circulation time. Despite the anticancer effect of oridonin, its clinical application is
limited due to its poor water solubility and low therapeutic index>°.

PLGA is a biodegradable polymer used to develop nanoparticles because it undergoes hydrolysis in the body
producing two monomers of degradable metabolites, glycolic acid, and lactic acid. In that sense, its toxicity is
minimal because these two metabolites are already known to the body*®?°. Many anticancer drugs have been
encapsulated in PLGA nanoparticles or that have been used to functionalize their surface, including DOX, 5-
fluorouracil (5-FU), paclitaxel (PTX), -cis-diamminedichloroplatinum(II) (cisplatin), dexamethasone,
triptorelin, xanthone, 9-nitrocamptothecin, among others>®?. The PLGA thus protects drugs against the
biological environment, in addition to being able to escape to the endocytose, penetrate the capillaries, and be
internalized by the cells due to their small size>%%.

Chitosan is a linear cationic polysaccharide prepared by the partial N-deacetylation of crustacean-derived
natural biopolymer chitin through an alkalinization process under high temperatures. An example is the use of
self-assembled glycol-chitosan nanoparticles to encapsulate the RGD (Arginylglycylaspartic acid) peptide to
increase the in vivo half-life of RGD, thereby obtaining a stronger antiangiogenic effect™.

PCL is a biodegradable polyester that has received particular attention due to its ability to be hydrolyzed
through its ester bonds in a physiological environment. Anti-cancer drugs such as PTX, tamoxifen, vinblastine,
and docetaxel have been encapsulated in PCL nanoparticles to increase their effectiveness®%%.

PACA is a biodegradable and biocompatible polymer that polymerizes in the presence of water, where the
ester bond present in the chain is easily hydrolyzed, forming poly-cyanoacrylic acid and alkyl alcohol. It was
approved for human use in surgeries such as surgical glues and is being exploited as a potential drug delivery
system. An example is chitosan-coated PACA nanoparticles functionalized with folic acid and encapsulated
doxorubicin to cancer therapy®'2. Another type of polymers are the thermosensitive polymers such as poly(N-
isopropyl acrylamide)-based (PNIPAAM) that can respond to a change in the temperature, which can also be
used as a drug delivery system?®>3,

Also, our group used alginate-based nanogels to increase the intracellular delivery of DOX. This nanogels
system was prepared via a mini-emulsion method through in situ alginate (AG) cross-linking using cystamine
(Cys) as a cross-linker. DOX was then encapsulated in the nanogels through electrostatic interaction with
alginate. The results demonstrated that the nanogels showed a high loading efficiency and an in vitro DOX-

controlled release of DOX. They have also been shown to be cytocompatible and easily endocytosed by the

CAL-72 cells with an increased accumulation of intracellular DOX compared to free DOX>*.
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2.1.1.4. Carbon nanotubes and inorganic nanoparticles

Carbon nanotubes are hydrophobic networks with an elongated tubular structure of carbon atoms with a
diameter between 1-2 nm. Its diameter depends on the number of graphene layers (Figure 3). They have a
structure similar to graphite sheets wrapped around themselves in a cylindrical tube. There are three types of
carbon nanotubes, single-walled carbon nanotubes (SWCNTs), double-walled carbon nanotubes (DWCNTSs),
and multi-walled carbon nanotubes (MWCNTs). They have unique electronic, optical, structural, and
mechanical properties. Various methods can be used to synthesize carbon nanotubes, starting from carbon
precursors, vaporized from graphite by laser, or by an electric arc in metal particles or chemical vapor
deposition. However, carbon nanotubes are completely insoluble in all solvents and consequently lead to
toxicity problems. This toxicity can be reduced by limiting its diameter and size and through chemical changes
in its structure that increase its biocompatibility. Carbon nanotubes can encapsulate anticancer drugs in their
internal cavity and on the surface. The carbon nanotubes can cross the plasma membrane and enter cancer cells
by different processes such as penetration or endocytosis. Alternatively, for the specificity of tumor cells, their
surface can be functionalized, allowing overcoming the resistance to multiple drugs. Furthermore, carbon
nanotubes can be used as a diagnostic tool for the early detection of cancer. However, to date, there are no
FDA approvals or clinical trials in the process of using carbon nanotubes to treat cancer. There are clinical
pre-results in vitro and in vivo through passive targeting that show that carbon nanotubes are promising
nanocarriers in cancer treatment. An example is a single-walled carbon nanotube modified with chitosan and
folic acid in the outer layer to deliver DOX in cancer cells of the SMMC -7721 liver (Human hepatocellular
carcinoma cell ling)®24855,

Inorganic nanoparticles for cancer treatment increase the efficiency of radiotherapy and improve the image of
tumors. Among the inorganic nanoparticles, quantum dots, gold nanoparticles, super magnetic iron oxides, and
mesoporous silica nanoparticles can be highlighted (Figure 3). Some of these inorganic nanoparticles are small
with dimensions between 10-100 nm, which allows them to penetrate the capillaries and be absorbed in
different tissues, while others are larger and need to be delivered to specific tumor sites through passive
targeting®®%.

A quantum dot is a semiconductor nanoparticle that limits the motion of the conduction band electrons in the
three spatial dimensions confined to the 1 to 10 nm length scale. Due to their exclusive properties, quantum
dots have been used for several applications, such as fluorescent semiconducting nanocarriers. The quantum
dots are commercially available and generally constituted by 3 parts: the nucleus, the shell, and the covering
material. The nucleus consists of a semiconductor material such as CdSe, the shell ZnS, which covers the shells
around the nucleus, and the cap by a double layer of different materials used to encapsulate the quantum dots.
Quantum dots can be synthesized either by a top-down or bottom-up method. As in other nanocarriers,
quantum dots also experience non-specific uptake by the RES. PEG is attached to their surface to overcome
this limitation so that quantum dots can accumulate in the tumor through the EPR effect. Specific ligands can

also target specific tumor sites such as folic acid, peptides, and large proteins that can be grafted. There are
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several studies with the use of quantum dots as nanocarriers, among which, the graphene QD-based targeted
drug delivery. Where quantum dots have been linked to biotin because cell tumors have overexpressed biotin
receptors, this system, through pH stimulation, can release the drug?®-*-3657,

Gold nanoparticles (AuNPs) belong to the small group of the most well-studied nanomaterials having, in
general, controllable diameters between 1-100 nm. When dispersed in the water, they are called colloidal gold.
AuNPs are synthesized from a set of methods, such as chemical, biological and physical methods?. Gold
nanoparticles have aroused interest as nanocarriers due to their unique characteristics, such as their dimensions
on a nanoscale range, having a large surface for functionalization, biocompatibility, optical, electronic, and
magnetic properties, and can emit natural radiation®***4%5%5% These unique optical and electronic properties
are due to the interaction of light with the electrons existing on the surface of the gold nanoparticles. At a
specific wavelength, “the collective oscillation of conducting electrons” causes a phenomenon called surface
plasmon resonance (SPR)?*%%-%°. Furthermore, these properties can be adjusted by changing their shape, size,
aggregation state, and surface chemistry®®*. Accordingly, these metallic nanoparticles exist in several forms,
as nanospheres, nanoshells, nanorods, and nanocages**®!. A study using mammalian cells has shown that the
size and shape of colloidal gold nanoparticles are important factors in the intercellular uptake process®?. They
are also promising candidates for delivering therapeutic agents, like small drugs or large biomolecules like
DNA, RNA (ribonucleic acid), and proteins®-*. Therefore, these nanoparticles can generate images of the
intracellular location and also transport various drugs. One of the obstacles in the use of gold nanoparticles is
their toxicity and poor stability’****. PEG has been used to overcome these limitations for its functionalization,
demonstrating greater solubility and stability?>*°. Other ligands can also be used for targeting, such as folic
acid and transferrin, as many tumor cells overexpress receptors for these ligands?*#*5%>_ Several studies have
been developed; one of them involves the use of gold nanoparticles entrapped in dendrimers (Au DENPs), for
imaging and targeting cancer cells®.

Superparamagnetic iron oxide nanoparticles (SPIONs) are iron oxide particles with a diameter between 1 to
100 nm. The two main forms are maghemite (Fe»O;3) and magnetite (Fe;O4). Iron oxides mixed with transition
metals such as nickel, copper, and cobalt are also considered SPIONs. In addition, when the magnetic particles
are reduced in size to 10-20 nm, they present superparamagnetism. That is, when applying a magnetic field,
the nanoparticles are magnetized until saturation, but they do not show residual magnetism after removing the
magnetic field. For the synthesis of SPIONs, several methods can be used, including thermal, hydrothermal
decomposition, co-precipitation, microemulsion, sonochemical, and microwave-assisted. However, chemical
synthesis is the most used method. SPIONs have theranostic properties and can, therefore, be used as a
magnetic nanocarrier, as an external magnetic field can detect them, and at the same time, be used for specific
therapy. For specific therapy, SPIONs need to be functionalized, as it reduces aggregation, allows the
conjugation of drugs and ligands on its surface, protects the surface from oxidation, and increases its half-life
in the bloodstream as it avoids RES. SPIONSs functionalized with stimulus-sensitive polymers are being studied
for drug targeting. One study has shown that SPIONs functionalized with polymers have dual responsiveness,

not only to changes in pH but also in temperature?42*#3%4 SPIONS can be classified according to their size into
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large or oral SPIO agents, as Ferumoxsil with 300 nm approved for clinical application; SSIPO or standard
agents such as Ferumoxide 80-150 nm also approved for clinical application; USPIO or ultra-small agents such
as Ferumoxtran 20-40 nm approved for clinical application and MION agents or monocrystalline iron oxide
nanoparticles with 5 to 10 nm still in the experimental phase®®.

MSNs are materials with well-ordered and uniform internal mesoporous with a diameter usually from 2 to 6
nm, have a large surface area of 700-1000 m?g and volume 0.6-1 cm®/g, with a shape, robustness, and
adjustable size from 50-200 nm are easy to functionalize the surface, and they are biocompatible and have
good hemocompatibility. Its porous silica structure (Si0-) is similar to a honeycomb. These characteristics
make this nanoparticle ideal for drug delivery due to its multifunctionality. There are essentially two types of
MSNS, ordered mesoporous silica nanoparticles, including MCM-41 (Mobil Composite Matter number 41),
MCM-48 (Mobil Composite Matter number 48), and SBA-15 (Santa Barbara Amorphous number 15) and
hollow or rattled type mesoporous silica nanoparticles. These structures are amorphous and consist of pores
that form channels. MCM-41 has a two-dimensional (2D) flat hexagonal structure, MCM-48 is three-
dimensional (3D) cubic bicontinuous, and SBA-15 has a hexagonal plane with MCM-41, although the pores
are larger (9 nm) than the pores of MCM-41 (3 nm). It also has a microchannel system that connects the
mesochannels. In the MCM-48, the pores have a size between 1.6 and 3.8 nm with a 3D dimension, in which
the longitudinal pores intersect in the 3 directions of the space. In MCM-41 and SBA-15, the pores are
longitudinal with a hexagonal cross-section. The most studied MSN for biomedical applications is the MCM-
41 (Mobil Composite Matter number 41). MSNs can be synthesized using the flexible method or the rigid
model method. Therefore, the pore diameter allows being selective in size to load biologically active molecules
into their cavities, as it regulates the release of the drug from diffusion processes to the physiological
environment. The surface area determines the nanoparticle's drug capacity and the volume of the pores, which
promotes matrix-host interactions and drug-drug interactions. MSNs also have good hemocompatibility.
Nonetheless, conventional MSNs have a limited half-life in the bloodstream due to the hemolysis of human
red blood cells, phagocytosis of macrophages, and unspecific binding to the protein human serum albumin
(HSA). One strategy to minimize these limitations is to bond the PEG polymer to the MSNs. Copolymers can
also be grafted onto their surfaces to prevent premature drug release, which acts as gatekeepers. The release of
drugs can be carried out through various external or internal stimuli such as temperature, pH, enzymatic
transformation, redox reaction, and magnetic field. For active targeting, the approach consists of modifying
the outermost surface of the mesoporous silica nanoparticles with molecules capable of interacting with
specific membrane receptors overexpressed in tumor cells such as folic acid, transferrin, mannose, and
peptides. MSNs can also be used as synergistic cancer treatment therapies to increase selectivity and
effectiveness. An example is a theranostic drug delivery system developed to obtain cancer images and

simultaneously deliver the drug?®63-¢.
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2.1.1.5. Dendrimers

Dendrimers are one of the most versatile polymeric macromolecules that were extensively studied as drug
delivery systems, gene transfection, and imaging agents. In 1978 Fritz Voglet et al.®’ synthesized, for the first
time, a dendritic structure called a cascade of molecules. However, only low generation dendrimers were

1 68,69

obtained due to experimental problems in the synthesis. In 1985, Donald Tomalia et a and George

1.7%7! synthesized dendrimers of higher generations with well-defined structures. However, was

Newkome ef a
Donald Tomalia the first to introduce the term “dendrimer”. Since then, the synthesis of different families of
dendrimers has been studied. The term “dendrimer” was named from the Greek word "dendrons" which means
tree, and the word "meros," which means "part". Dendrimers are characterized by highly branched, three-
dimensional globular macromolecules with a nanoscale dimension of 1 to 100 nm. These macromolecules
have a uniform branched structure with many arms emanating from a central nucleus and constituting three
different domains: a central nucleus consisting of an atom with at least two identical functions or molecules,

branches that emanate from the nucleus designated as generations, repeated units with at least one branch

junction and many terminal functional groups (Figure 4).
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Figure 4: Schematic representation of a general structure of a dendrimer. Adapted from reference’.

These three domains determine the dendrimer's shape, size, and reactivity. They can be synthesized mainly by
convergent and divergent methods through polymeric reactions that allow a high level of control of their
architecture and low polydispersity index, making them customizable and versatile. In the convergent method,
firstly proposed by Jean Frechet et al.”, the synthesis begins from the periphery where units of the surface of

the dendrimer are coupled to form a branched structure. The dendrons which in turn are coupled repeatedly to
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a multifunctional nucleus to the center of the dendrimer, while in the divergent method mentioned for the first
time by Donald Tomalia et al.*® the dendrimer is synthesized from the core that is the initiator, followed by
the coupling of a monomeric unit that extends to the periphery gradually by repeatedly adding monomer units
to a multifunctional initiator nucleus. In this sense, the addition of monomers to each functional group results
in the next dendrimers generation with increased size. Nevertheless, both methods have advantages and
disadvantages’3°.

Divergent synthesis is the most used because it allows the manufacture of dendrimers on a large scale, but
dendrimers may have defects such as lack of arms, especially in those of higher generation, due to increased
steric impediment in the periphery. Convergent synthesis, on the other hand, minimizes defects in dendrimers
since the dendrons are synthesized and purified individually before being conjugated. Nevertheless, many
synthesis steps are required, and a large amount of starting materials are needed and, a low yield is achieved
due to the steric impediment at the focal point®'. Nonetheless, other approaches can also be used but with less
frequency, such as hypercores and branched monomers, lego chemistry, double exponential, and click
chemistry”.

Dendrimers can be classified depending on their generation into low-generation dendrimers (generation 1 to
4) and high-generation dendrimers (generation 5 to 10). However, low-generation dendrimers are preferably
used for biomedical applications because they have advantages such as easy synthesis, purification and
characterization and, consequently, better yield; they also have a low level of defects in their branching; they
accumulate in higher concentrations in the tumor than in normal tissues due to the EPR effect; they are easily
eliminated by endocytosis and renal excretion and play an important role in solubility. Nonetheless, one of the
limitations of using dendrimers in therapeutics is its synthesis due to the several steps that are necessary to
obtain the dendrimer, which increases the production costs. They have promising characteristics as
nanocarriers for use in cancer therapy such as monodispersed size, good water solubility, biocompatible and
biodegradable, have several well-defined terminal groups that can be functionalized, enhancing the selectivity
of the drug and internal cavities where drugs can be encapsulated, they are non-immunogenic and have an
acceptable excretory pathway. Because of the uniform structure, they have the ability to cross the membrane
of cancer cells and reduce their elimination by macrophages. However, it is the terminal groups of the
dendrimer that determine its physical and chemical properties. The groups can be hydrophilic or hydrophobic
molecules. As they are outside the dendrimer, at least in the lower generations, they allow a higher drug
encapsulation rate’®3°,

The drug can be physically encapsulated inside the core via hydrogen bonds, electrostatic attraction,
hydrophobic, and van der Waals interactions, or it can be chemically covalently conjugated on its surface, or
it can be combined in both ways. In this sense, the number of generations influences the drug's carrying
capacity’®"77.

Dendrimers can directly encapsulate drugs in their internal cavities, as they are hydrophobic and interact with

the drug even though it is poorly soluble through hydrophobic interactions. On the other hand, the nitrogen

and oxygen atoms present inside the dendritic structure can also interact with the drug through hydrogen bonds

19



or by electrostatic interactions. This interaction between ionic groups of the drug, with opposite charges of
groups on the surface of the dendrimer, also allows the increase of the hydrophobic drug solubility. Drugs such
as naproxen, ibuprofen, indomethacin were complexed with dendrimers by electrostatic bonds™”".

This physical conjugation has the advantage of being a direct and quick approach without affecting the
pharmacological activity of the drug. However, it is not very stable concerning drug release and storage. The
encapsulated drug differs from synthesis to synthesis and has a low drug loading capacity’s.

A wide variety of functional groups on the surface of dendrimers make them suitable for covalent drug
conjugation. Where the drug is released through chemical or enzymatic cleavage of hydrolytically unstable
bonds, drugs can also be covalently conjugated to spacers like PEG, or biodegradable bonds like ester or amide
bonds (ester bond is more rapid to cleavage than amide bond) inside the cell can be hydrolyzed by endosomal
or lysosomal enzymes. The release of drugs from the dendrimeric conjugate will depend on the type of covalent
bond between them. Many anti-cancer drugs such as PTX, DOX, cisplatin, methotrexate (MTX), and
epirubicin have been conjugated with dendrimers where they have shown potential in drug targeting’®”’.
Therefore, the smallest drugs are usually encapsulated while the larger drugs are conjugated on the surface.
For example, when amphiphilic dendrimers encapsulate the drug with a hydrophobic nucleus and hydrophilic
branches, its application is only for local treatments such as intratumoral injections, as an uncontrolled drug
release occurs. The covalent bonding of the drugs allows for greater solubilization, which can be hydrophilic
and/or hydrophobic, and depending on the ligands, their release can be controlled. Nevertheless, the controlled
release of the drug remains a challenge today. Several small molecules with anti-inflammatory, microbial, and
anti-cancer activity have been conjugated to dendrimers through physical interactions or chemical bonds.
Using dendrimers as nanocarrier allows to improve the solubility of the drug, their stability, increasing its
efficiency and diminishing the side effects, in a way to adopt the pharmacodynamics (PD) and
pharmacokinetics (PK) behaviors of the drugs. The surface of the dendrimer can also be functionalized by
molecules sensitive to stimuli (light, changes in pH and temperature, heat, among others)®.

The drug delivery systems of dendrimers are based on two different strategies, passive and active targeting’*"’.
We have an EPR effect on passive targeting where dendrimers accumulate essentially in cancer cells due to
low lymphatic drainage and high vascularity. In this way, the drug's bioavailability is increased with a reduced
side effect. But, this method has some limitations since the EPR effect is not equal in all tumors, and as such,
it may affect the accumulation of macromolecules at the tumor site’”. The anticancer drug delivery for
dendrimers includes 5-FU, DOX, cisplatin, camptothecin, adriamycin, tamoxifen, dimethoxycurcumin, MTX,
PTX, among others®. For the active targeting, the dendrimer with the drug can be incorporated into its surface
ligands with a specific affinity that will interact with the overexpressed tumor cell receptors. This method is
more effective because the system is internalized by releasing the drug into the cancer cell. These methods can

also be used together to increase the efficiency of the system and decrease side effects’. The ligands-based

targeted drug delivery using dendrimers includes folic acid, biotin, riboflavin, D-glucosamine, etc®’.
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Thus, given the type of need for therapeutic action, different approaches to drug loading in dendrimers allow
adjusting its release from dendrimers’®. Nonetheless, combining a dendrimer with an active ligand and drugs
could result in a synergistic effect that can trigger a very efficient therapy®>.

So, there are two mechanisms for drug delivery: the release of the drug from the dendrimer through physical
changes such as changes in pH, temperature, among others, and the in vivo degradation of the covalent bond
between the dendrimer and the drug via enzymes’s.

Different types of dendrimers have emerged since then with different functionalities (Figure 5). Among which,
polyamidoamine (PAMAM), poly (propyleneimine) (PPI), core-shell tecto, peptide, chiral, liquid crystalline
systems, glycodendrimers, hybrid, PAMAM-organosilicon (PAMAMOS), triazine, polyether, carbosilane,
polyester, polylysine, metallodendrimers, phosphorous and poly (2,2-bis (hydroxymethyl)propanoic acid) (bis-
MPA)75—77,80,82—84-

The unique properties of dendrimers and the possibility of being adaptable allows them to have various
potential therapeutic and biomedical applications as gene delivery, sustained release, cancer therapy,
photodynamic therapy, bioimaging, drug solubilization, site-specific delivery, oral, ocular, transdermal,

75.808385 - Apart from this, dendrimers are also used in

topical, and pulmonary drug delivery, and diagnosis
cosmetics such as hair gels, anti-acne products, sunscreens and shampoos, printing technologies on toners and

inkjet cartridges, paint, and textile industry as water repellent coatings®.
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In addition to the potential of dendrimers for biomedical applications, there are some limitations in their use
as nanocarriers®':3. One of the limitations is its cytotoxicity, which depends on the number of functional groups
on the surface, the generation, and the nature of the terminal groups. Thus, cationic dendrimers have high
cytotoxicity, while neutral or anionic dendrimers have very low or even no toxic effects. The cytotoxicity in
cationic dendrimers is due to the interaction of the surface of the dendrimer that is positively charged with the
cell membrane that is negatively charged, which leads to the formation of nanopores in the cell membrane and,
consequently, the leakage of the cell content that can lead to cell death®®. Depending on their physicochemical
characteristics, dendrimers can interact with various plasma proteins and blood cells”’. One of the approaches
to decreasing dendrimers' toxicity and increasing their biocompatibility is to modify their surface®.

So, dendrimers as nanocarriers are promising vehicles capable of transporting the drug and crossing the

biological barrier efficiently’®.

2.2. Dendrimers as a nanoscale platform for anticancer drugs

Due to their unique characteristics, dendrimers have been explored for the delivery of various anticancer drugs
and diagnoses in cancer therapy’®. Among the different families of dendrimers, only the PAMAM dendrimers,
fluorescence dendrimers, biodegradable dendrimers (bis-MPA dendrimers), and metallodendrimers will be

focused on this introduction.

2.2.1. PAMAM dendrimers

The biggest challenges in cancer therapy, more specifically in conventional chemotherapy, are low aqueous
solubility, low membrane permeability, non-selective biodistribution, rapid release, lack of selectivity,
hypersensitivity reactions, and resistance to multiple drugs (MDR). Thus, the scientific community focuses on
developing a system that has reproducibility in its pharmacokinetic behavior, is stable, monodisperse, and well
defined. In this sense, these characteristics led to the development of hyperbranched polymers called
dendrimers for biomedical applications’®.

The PAMAM dendrimers were the first complete family discovered, synthesized, and commercialized by
Donald Tomalia et al.¥’. Since then, they have been extensively studied for biomedical applications due to

84,88

their exceptional properties®**®. As presented previously, PAMAM dendrimers belong to the family of
hyperbranched nanoscale polymers with defined and uniform size and shape, monodisperse, and
multifunctional terminal groups®. PAMAM dendrimers compared to linear polymers have significantly
improved properties, such as monodispersity: PAMAM dendrimers have a monodispersed globular structure,
size, and shape that varies according to the generation where lower generations have an ellipsoidal shape and
high generations a spherical shape that is similar in size to several biological molecules (for example generation
3 to the insulin that has 3 nm, generation 5 to hemoglobin that has 5.5 nm, etc.), the charge on its surface that

can be modified through functionalization with other molecules, as well as their biocompatibility, once cationic
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dendrimers are more cytotoxic and hemolytic even at low concentrations than neutral or anionic ones”.
PAMAM dendrimers are synthesized by the divergent method because with this approach it is possible to have
high yields in all generations®**!. It consists of the reaction of the alkyldiamine nucleus like ethylenediamine
(EDA) with the methylacrylate monomers through the Michael addition reaction forming a branched
intermediate, that reacts with an excess of EDA producing the generation 0 of PAMAM dendrimers with
terminal groups that can be transformed into amine (NH), alcohol (OH) or carboxylic acid (COOH). Higher
generations are synthesized from the sequential Michael addition reaction of methyl acrylate monomers
followed by an amidation reaction with ethylenediamine (EDA)”*’. This method has some advantages as it
allows the direct dendritic growth of dendrons from the nucleus, which can be EDA, ammonia, or cystamine,
without the need for another step in anchoring the nucleus occurs with the convergent method, which is
stereochemically limited. The monomers (acrylonitrile, acrylates, etc.) used to synthesize these dendrimers are
of low cost and are readily available. They produce high organized and monodisperse macromolecules, and it
is adaptable to the expansion of large volumes. For example, PAMAM dendrimers are prepared in substantial
quantities, in the order of kilograms, and can be used to prepare high generation dendrimers®*°!. However, two
limitations are reported regarding the synthesis of higher generations of PAMAM dendrimers as the terminal
groups are not formed properly, and the other is the difficulty of their purification by chromatography
separation**. Also, as the generations increase, a steric agglomeration of the arms limits their growth to the
next generation, producing defective branches known as the Gennes dense packing effect. This effect is
observed from generation 7, decreases the synthesis yield, and limits the subsequent generations' synthesis
until generation 10”°. When the generation of dendrimers increases, the number of terminal groups increases
exponentially, and the diameter increases linearly by about 1 nm per generation. The full-generation have
terminal amine or hydroxyl groups, and the half-generation has carboxylic acids as terminal groups®. In this
sense, full-generation PAMAM dendrimers amine-terminated have cationic charges in an aqueous medium
and are ideal for transporting anionic drugs. In contrast, half-generation dendrimers have anionic charges being
ideal for the transport of cationic drugs and reversible coordination of platinum complexes®.

PAMAM dendrimers can be used as drug nanocarriers either by covalent bonding or electrostatic interactions
to the functional groups on their surface or by encapsulation inside their internal cavities by hydrogen bonds
or hydrophobic interactions. The primary and tertiary amine groups present on the surface and in the nucleus
of the PAMAM dendrimers have pKa values of 10.7 and 6.5 respectively and, consequently, ionizable groups
in both the nucleus and on the surface allowing drug interactions. The primary and tertiary amine groups also
respond to changes in the pH, being used as a drug delivery system for the release of a drug that is activated at
low pH****. Studies with drugs such as ibuprofen, indomethacin, piroxicam have shown the formation of stable
systems through electrostatic interactions with the dendrimer. In other studies, penicillin V, naproxen,
venlafaxine, propranolol, and 5-aminosalicylic acid have been covalently conjugated to dendrimer’®.
Different mechanisms have been proposed to describe molecular transport across cell membranes, such as
passive diffusion, endocytosis, and paracellular and carrier-mediated transport. In general, PAMAM

dendrimers, depending on their surface properties, are transported more effectively through epithelial barriers
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compared to many other water-soluble linear polymers. Charged dendrimers have a higher permeability than
neutral dendrimers, which at physiological pH do not have charge and, consequently, are unable to perturb or
disturb the anionically charged cell membranes. However, the epithelial permeability in cationic dendrimers
decreases with increasing the size and, in contrast to anionic dendrimers, which increases with size. Several
studies carried out by Kelly Kitchens ef al. on cationic, anionic, and neutral dendrimers demonstrated that the
permeability was enhanced with the increase of the carboxyl groups of the anionic PAMAM dendrimers® 7.
Although the main mechanisms of drug targeting and intracellular uptake of PAMAM dendrimers are carried
out by passive targeting, as previously mentioned, they may also happen by endocytosis. Endocytosis is a
process where cells internalize particles across the cell membrane. There are three pathways of endocytosis:
phagocytosis, pinocytosis, and receptor-mediated endocytosis, which will depend on the charge, shape, and
size of the dendrimer®®. For instance, studies carried out by Felipe Vidal et al. found that the PAMAM
generation 4 dendrimer is internalized mainly by the clathrin-mediated endocytosis mechanism®*!%.

As having a nanoscale size and a relatively low molecular weight, the PAMAM dendrimers show a propensity
to extravasate. This movement of the molecules that are in the blood circulatory system to the endothelial
lining of the capillary walls into the neighboring interstitial tissues can be used as targeted delivery of drugs.
The extravasation of different generations of PAMAM dendrimers was studied by Kelly Kitchens ef al., and
they concluded that the extravasation time is exponentially proportional to the size and molecular weight of
the dendrimers in the order GO <G1 <G2 <G3 <G4, where the overflow was between 143.9- 422.7 s'°!. The
greater the molecular weight and size of the dendrimers, the extravasation time through the microvascular
endothelium also increases. The selectivity of dendrimers is dependent on their size because when the size
increases, it also increases the exclusion of the PAMAM-NH, dendrimers from the endothelial pores with a
radius of 4-5 nm. As the PAMAM-NH, dendrimers have a relatively small molecular size between 1.5-4.5 nm,
they can pass by the microvascular endothelium through the endothelial pores. The extravasation observed
may be due to electrostatic interactions between the dendrimer with a positive charge and the glycocalyx lining
of the endothelium with a negative charge®. Moreover, other characteristics such as the geometry and charge
of the dendrimer's surface also influence the microvascular leakage of water-soluble dendrimers. This property
is important in passive targeting for drug delivery and cancer diagnosis®-*°. However, the cellular uptake
mechanisms of dendrimers vary depending on the generation, concentration, and functionalization, although
the role of these factors is not yet well known. Whereas, it is known that cell uptake and cell transport depend
on the surface charge of the PAMAM dendrimer and the type of cell under study'®. Nevertheless, for PAMAM
dendrimers to be used in clinical as a drug delivery system, it is necessary to know their biological properties
such as toxicity, biocompatibility, and pharmacodynamics (absorption, biodistribution, bioavailability,
metabolism, and excretion in function on time), and pharmacokinetics'®. Despite the innumerable advantages
and qualities of PAMAM dendrimers as drug delivery systems, it has some disadvantages limiting its
biomedical application!®®. Among them, one of the main obstacles for its use at the clinical level is the

104

cytotoxicity and rapid elimination from the circulation after intravenous administration'**. However, these

disadvantages are due to the presence of amine groups on its surface since they are cationic dendrimers.

25



However, to overcome such limitations and improve biocompatibility, several strategies can be used, such as
the conjugation of carbohydrates, amino acids, peptides, folic acid, acetylation, and pegylation are the most
commonly used. On the other hand, anionic or neutral PAMAM dendrimers are more biocompatible and much
less toxic. However, the surface modification also increases the capacity to encapsulate anticancer drugs and
target cancer cells by binding specific ligands!®*. Due to their nanoscale size, dendrimers can interact with
various cellular components such as endosomes, plasma membranes, mitochondria, and the nucleus'®.

A simple method to study the interaction between dendrimer-membrane is through the lysis of red blood cells
(RBCQ), as it provides quantitative information on the release of hemoglobin (Hb) and qualitative information
on the damage of RBC!®. Several studies by N. Malik ef al.!% have shown differences in hemolytic behavior
depending on the dendrimer. They found that to the amine-terminated PAMAM dendrimers, the hemolysis
process depends on the generation. For instance, after 1 h of administration of the dendrimer with low
concentrations (10 pg/mL), changes in the morphology of the red blood cells occurred!?>!%. This change in
membrane curvature and pore formation may result from electrostatic interaction and disturbing properties of
the dendrimer membrane”’. It was observed that the cationic PAMAM dendrimers of generations 3 and 4
labeled with '?’I-labeled and administered intravenously in Wistar rats (10 ug/mL) were rapidly eliminated
from the bloodstream, as only <2% was recovered in 1 h. However, the anionic PAMAM dendrimers of
generations 2.5, 3.5, and 5.5 had longer blood circulation times, where between 20-40% of the dendrimer was
recovered from the blood after 1 h with clearance rates that depend on the generation. For both cationic and
anionic dendrimers, blood levels at 1 h correlated with the extent of liver capture verified, about 30-90% of
the dose of dendrimer recovered in 1 h'%!% Thus, hemolytic activity depends on the dendrimers' concentration
and exposure time, being more pronounced in cationic dendrimers than in anionic dendrimers'®. As for the
biocompatibility of PAMAM dendrimers, lower generation dendrimers with anionic or neutral polar terminal
groups exhibit higher biocompatibility and less toxicity than high generations and with cationic or neutral
apolar groups that exhibit higher toxicity and immunogenic properties®.

PAMAM dendrimers have also been used as drug delivery due to their internal cavities that allow the
encapsulation of small hydrophobic drugs and the possibility to attach on the surface different molecules!%197,
So, due to their versatile surface and distinctive architecture, PAMAM dendrimers are considered ideal
nanocarriers for delivering therapeutic agents, including anti-cancer drugs”. One example of the use of
PAMAM dendrimer as a drug delivery system for cancer is reported by T. P. Thomas and coworkers that
synthesized PAMAM dendrimer generation 5 with riboflavin, a targeting ligand, and the MTX for the human
KB carcinoma cells. The results revealed that this system PAMAM-MTX-riboflavin causes cell growth
inhibition by blocking the catalytic activity of the dihydrofolate reductase enzyme in cytosol'®®. Saijie Zhu and
coworkers have prepared PAMAM dendrimer conjugated with different PEGyalation degrees and DOX. The
in vitro cytotoxicity studies showed that the PPCD (PEG-PAMAM-cis-aconityl-DOX) conjugates cytotoxicity
increased against the SKOV-3 ovarian cancer cells. Furthermore, the in vivo fluorescence imaging showed an

efficient accumulation of this conjugate in tumor location!®.
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2.2.2. Fluorescent dendrimers

Despite the distinctive characteristics that make them ideal candidates for biomedical applications, such as the

delivery of drugs and genes and as bioimaging/diagnostic agents, dendrimers have some limitations®9%-93-98.110-

112 One of them is the toxicity that constitutes the terminal groups of dendrimers because they can interact
with various components in the bloodstream and cells. Another important one is the lack of intrinsic
fluorescence that allows tracing its location within cells/tissues. Several strategies are available to overcome
these issues by modifying their surface®*81%113 Nevertheless, these modifications should not change either
the dendrimer's properties or its biological behavior!!*.

A less known and explored strategy is to enhance the intrinsic fluorescence of the dendrimer without labeling
it with any kind of dye. This strategy was highlighted recently by Donald Tomalia ef al. and is based on a
phenomenon of non-traditional intrinsic luminescence (NTIL)!!'>. Indeed, some studies with PAMAM
dendrimers, including from this Ph.D. project (see Chapter IV) show that the NTIL can be significantly
enhanced by an oxidative treatment using ammonium persulfate (APS) (Figure 6) or from direct oxygen
exposure!!122 Thus, as mentioned thereafter, PAMAM dendrimers are a versatile nanomaterial for the
bioimaging field*®!*. For instance, Ya-Ju Tsai and coworkers described the preparation of a fluorescent
PAMAM dendrimer, without conjugation of a fluorophore, to deliver antisense oligonucleotides in rat C6
glioma cells. The results showed that this system could be used for delivery, transfection, and bioimaging,

particularly as a nanoplatform for cancer imaging and therapy'".

Figure 6: Amine terminated PAMAM dendrimer generation 3 treated with APS under UV light at 366 nm (ref.
unpublished figure related to Chapter IV).

2.2.3. Biodegradable dendrimers

Another approach to circumvent dendrimers' cytotoxicity and hemolytic toxicity is to develop less toxic and
biodegradable dendrimers, allowing their elimination through urine in a fast and safe way’®!'*. Since the most
common dendrimers used are not degradable under physiological conditions, presenting side effects due to the

124 Biodegradable dendrimers are

accumulation of non-degradable macromolecules inside the tissues and cells
usually constituted by biodegradable repeating units, which degrade into small molecules through chemical

hydrolysis or enzymatic cleavage in a physiological medium. This enzymatic cleavage results from esterases
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and can be excreted or eliminated by metabolic routes, minimizing the exposure time-dependent dendrimer
toxicity’®!?*. Thus, depending on the type of the repetition unit, biodegradable dendrimers can be classified
into three different categories, polyester dendrimers, polyacetal dendrimers (Figure 7), and other biodegradable

dendrimers'?*
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Figure 7: Representation of biodegradable dendrimers. Adapted from references!'>*1?>.

In general, biodegradable dendrimers can be synthesized through the most common approaches used to prepare
other dendrimers families1*#126127 However, most of them are synthesized by the divergent method through
an interactive coupling, where biodegradable units are formed during the synthetic process or are derived from
biodegradable monomers. Biodegradable units are generally more vulnerable than non-degradable groups,
being the synthesis preferably carried out under mild conditions'*

Compared with other dendrimers families, biodegradable dendrimers are considered promising nanocarriers
for drug delivery due to their biodegradation capacity having, like the others, internal cavities and terminal

functionalities also able to encapsulate or conjugated drugs to their surface'**

. Nevertheless, the physical
encapsulation of drugs has a disadvantage, which is the rapid and uncontrolled release of drugs. A strategy to
overcome this limitation is synthesizing biodegradable dendrimers with denser structures, but several reaction
steps are necessary, which increase the risk of defect formation and the cost. Chemical conjugation is another
strategy for drug delivery as an alternative to encapsulation. However, the linkers used to conjugate the drug
to the dendrimer can affect the system's activity and the drug's release profile. Ligands commonly used to
covalently link drugs to biodegradable dendrimers include hydrazone, acid-labile acetal/ketal, or cis-aconityl

groups. They are easily degraded under acidic conditions in tumor tissues and intracellular lysosomal or
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endosomal compartments. More specifically, disulfide groups are reduced by glutathione in the cytosol, and
esterase enzymes can hydrolyze ester groups within the cell'?*,
The use of biodegradable dendrimers as drug delivery systems present several advantages, among which, the
increase the solubility of hydrophobic drugs and protection from the interaction with the physiological
environment and its degradation; extension of the circulation time of the drug in the bloodstream, as it protects
the drug from being filtered and eliminated by the kidneys, since nanoparticles larger than 5 nm are less likely
to be filtered by the kidneys because they exceed the renal threshold; the ability to passively target the drug to
tumor tissues due to the EPR effect; possibility of modifying the surface of the dendrimer with other molecules,
possibility of deliver different drugs through chemical conjugation and encapsulation designated as synergistic
effect to improve therapy; the ability to degrade into small molecules in a physiological environment and be
eliminated by the body; reduction of adverse effects and the ability to achieve controlled drug delivery through
dendrimers that respond to stimuli or the interaction between dendrimer and drug'?*!%%.
Many biodegradable dendrimers with distinct properties have been developed and synthesized for various
applications, including biomedical applications, particularly polyester dendrimer'?.
Polyester dendrimers have thus attracted attention due to their properties, including their biocompatibility and
degradation under physiological conditions. These can be grouped into three categories, polyester dendrimers
based on bis-MPA monomers, polyester dendrimers based on alternating monomers, and other polyester
dendrimers'*.
The first bis-MPA dendrimer was synthesized in 1996 by Anders Hult ez al.'*'. Since then, they have attracted
interest for biomedical applications, such as the delivery of chemotherapeutic drugs to improve tumor targeting
and therapeutic efficacy and as near-infrared (NIR) or positron-emitting (PET) probes for in vivo imaging due
to their properties, including the solubility, biocompatibility in vivo and in vitro, easy to functionalize,
degradable by hydrolysis or enzymes, non-immunogenic and non-toxic!'!*123126128-131 "The degradation of
polyester dendrimers appears to be controlled by four factors, compared to the amide and ether bonds:
- the nature of the chemical bond that joins the monomer units to the ester bonds are more susceptible
to hydrolysis;
- the smaller dendrimers degrade more quickly as they have less tight surface packaging, protecting
less the hydrolyzable interior bonds;
- hydrophobicity, they have more hydrophilic polymeric units that degrade faster;
- faster degradation due to the hydrolysis susceptibility of the interior bonds and cleavage of the
peripheral and internal dendrimer structure”.
In the early days, biodegradable polyester dendrimers based on bis-MPA monomers were synthesized by
esterification reactions of hydroxyl and carboxyl groups. However, several protection/deprotection steps were
necessary during the synthesis, making the synthesis costly and defect formation since the protecting groups
can cause the degradation of the ester groups. Recently, and to overcome these limitations, a new approach
named bi-functional orthogonally reacting dendritic structure has been used consisting of the orthogonal

coupling with biodegradable monomers of type AB», where the main step is the formation of the ester bond,
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thereby increasing synthetic efficiency!*!*1132. The synthesis is based on the use of two different branch units
with complementing coupling functions that are exchangeable without any activation step. Moreover, both the
reagents and coupling products must be inert for subsequent reactions. Accordingly, the designation is
orthogonal, meaning that the functionalities are inert in the coupling conditions but can later be activated in
situ for a subsequent reaction if necessary'*>.

Xianghui Zeng and coworkers have prepared a micelle, where their hydrophobic interior layer is composed of
bis-MPA polymer and the outer hydrophilic shell of PEG. The DOX was further encapsulated in the interior
of this polymer micelle. The results showed an improvement of the cytotoxicity against breast cancer cell lines
and exhibited a controlled release of DOX over a long period of time!**.

Hence, biodegradable dendrimers are excellent candidates for drug delivery due to their biodegradable capacity

and structural characteristics'?.

2.2.4. Metallodendrimers

In addition to being excellent drug nanocarriers, dendrimers can incorporate metals into their dendritic
structure, the so-called metallodendrimers™*!3¢. The combination of the properties of dendrimers as a drug
delivery system and those of transition metals as anticancer drugs is an alternative strategy for the development

of a potent therapy!3>137

. Metallodendrimers can be synthesized through covalent bonding or by non-covalent
bonding as hydrogen bonds, ionic interactions, and supramolecular complexation. In the supramolecular
complexation, the ligands are coordinated to the central atom by dative bonds, where the electrons came from
the same atom, known as coordinate bonds!**!3¥-143_ Depending on the position occupied by the metal in the
dendritic structure can be classified into a) dendrimers with the metal center, b) dendrimers with metal
complexes on the periphery, ¢) dendrimers with metals at the branching points, and d) dendrimers with metals
in the dendritic branches!>!38-144,

The diversity of metallodendrimers allows them to be used in a wide range of applications including, catalysis,
molecular electronics, sensing, photo-optical materials, and biomedical'**. However, the field of
metallodendrimers is still expanding regarding biomedical applications'®. Nonetheless, the first
metallodendrimer to be synthesized with anticancer properties were those with platinum complexes, such as
the compound tetranuclear metallodendrimer DAB(PA-tPt-Cl)s synthesized by Bart Jansen and
coworkers'#146 According to the authors, this metallodendrimer showed a moderate antiproliferative action
on two mouse leukemia cell lines and different human cancerous breast adenocarcinoma cell lines!*1%. Our
group also contributed to this field by preparing metallodendrimers based on low-generation
poly(alkylidenimine) dendrimers functionalized on the periphery with ruthenium (IT) for cancer therapy. The

results showed a high anticancer activity towards the cancer cell lines studied and a high inhibitory effect on

the viability of hMSCs'¥. Other examples involving different types of organic cores and metals/metal

148-150 151,152

complexes are reported in the literature and are the object of recent reviews
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3. Platinum anticancer drugs

Metals, more precisely transition metals, are the most versatile materials with a wide range of applications
from the electronics and acrospace industry to health!*. They play a very important role in biological
processes, which are indispensable for living organisms. Metals present unique properties such as redox
activity, wide structural diversity, thermodynamic and kinetic characteristics, numbers of variable
coordination, and geometry and have reactivity for organic substrates. Compared to organic-based drugs, these
advantages can be exploited to develop therapeutic agents!'>*!*’. In this sense, medicinal inorganic chemistry
is an area that allows metal complexes to be used as anticancer agents. However, even though metals have
been used for a long time in medicine, their anticancer potential was only explored after the accidental
discovery of the biological activity of cis-diamminedichloroplatinum(II), (cisplatin)'.

Since then, several metal complexes began to be developed as anticancer agents and as antibacterial,
inflammatory, anti-rheumatic, and anti-malarial'>3. In terms of anticancer activity, platinum compounds are
the most used for cancer treatment. However, other metal based-anticancer drugs, such as palladium (II),
ruthenium (II and III), copper (1), gold (I and II ), bismuth (III), gallium (III), tin (IV) and rhenium (I) has also
demonstrated anticancer activity'*®. Since the discovery of cisplatin in the early 1970s, more than 3,000
platinum derivatives have been synthesized and tested in cancer cells. Nevertheless, only about 30 compounds
have entered clinical trials, and more than half of these compounds were rejected due to their high toxicity,
low efficiency, and solubility!*-!°. Currently, only a few compounds are clinically approved worldwide as
chemotherapeutic drugs, including cisplatin and the derivatives carboplatin and oxaliplatin. While others only
have regional approval, such as lobaplatin in China, nedaplatin in Japan, and heptaplatin in Korea (Figure
8)!133160 According to M. J. Cleare et al.'® the antitumor activity presented by the platinum complexes is
associated with its classical structure. In the 1970s, M. J. Cleare team developed a formula that explains the
structure-activity relationship as [PtA,X:], where A corresponds to two monodentate ligands or a bidentate
amine and X5 to two monodentate or a bidentate anionic ligand!®°1%2, Since then, many platinum compounds
have been synthesized from the classical structure-activity relationship formula!®.

Platinum has two main oxidation states, Pt (II) and Pt (IV). Also, platinum (II) is diamagnetic and has a
preference for nitrogen atoms and heavy donors (sulfur, phosphorus, etc.) and a low affinity for oxygen and
fluorine atoms. Moreover, platinum (I) has a square planar structure with four coordinated ligands, while

platinum (IV) is normally an octahedral complex!¢!.
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Figure 8: Chemotherapeutic drugs based on platinum compounds. Adapted from reference!>3.

However, platinum (II) complexes present some limitations in their use for cancer treatment. Adverse side
effects that limit its administration dose and resistance to therapy have led to the development of new strategies
such as the incorporation of ligands in order to increase its activity and selectivity. The use of platinum (IV)
complexes has high kinetic inertia in the coordination substitution that allows the stability of the drug, reduced
reactivity, and side effects, presenting several possibilities of modification of the pharmacokinetic parameters
due to the two extra ligands in the octahedral metal center. Furthermore, the reduction inside the cells by
cellular reductants once enters cells of platinum (IV) to platinum (II) increases its activation and cytotoxicity.
However, this reduction can occur in any part of the body that has a reducing environment, decreasing its

bioavailability and selectivity for cancer cells!!:163

. In addition to this, platinum complexes have low
absorption by the gastrointestinal tract, affecting their bioavailability. Therefore, its administration is carried
out intravenously, limiting the amount of drug that reaches the DNA and consequently its efficiency, and also
a large part of them has no specificity for tumor cells affecting as well healthy cells. One approach to overcome
these drawbacks is using nanocarriers to deliver drugs to the target tumor, either by passive or active transport,

depending on the type of ligand, as mentioned in advance!>.

3.1. Cisplatin

As stated before, cisplatin was the first platinum complex to be used as a chemotherapeutic agent, and, today,
it remains the most successful therapeutic and effective antitumor drug'®*!'%. Cisplatin was first synthesized in
1844 by Michele Peyrone'®® and became known as Peyrone’s chloride. However, in the late 1960s, Barnett
Rosenberg er al.'*” discovered the inhibitory activity of cisplatin in the proliferation of E. coli by doing
experiments to analyze the effect of the electronic field on the growth of bacteria'*®!1¢-17° Nevertheless, only

in 1971 were initiated several clinical studies that demonstrated its cytotoxic effects and its therapeutic capacity
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and safety. However, cisplatin was only approved by the FDA in 1978 to treat ovarian and testicular cancers.
Since then, its use has been widened to other different types of cancer such as lung, colorectal, neck and head
and bladder159,168,169,171.

Cisplatin is a neutral inorganic complex with a square planar geometry. Consisting of a platinum (II) metallic
center, with two amines and two chlorines in its sphere of coordination with cis configuration. The amine
ligands are named non-leaving group ligands since, in the course of intracellular transformations, they remain
linked to the metal center, while chlorine ligands are considered good leaving groups, as they leave the sphere

of coordination'”?.

Leaving

Pt _ Non-leaving
groups -
g groups

cl NH;

Figure 9: Structure of cisplatin.

The anticancer activity of cisplatin consists of the formation of stable complexes with DNA through intrastrand
and interstrand crosslinks, which modifies the structure of DNA, preventing replication and transcription, thus
inducing cellular apoptosis. The intermediates that react with DNA are the cationic complexes cis-
[PtCI(H,O)(NH:).]* and cis-[[Pt(H.0)>(NHs),]*" that are formed by the hydrolysis of cisplatin inside the
0611164’173.

Despite cisplatin is a bestseller drug used to treat several types of cancer alone or in combination, its activity
is limited due to adverse effects!>*!**17* In fact, toxicity is one of the main limitations of using cisplatin
because it targets DNA for both tumor and normal cells, making no distinction between them. Furthermore,
cisplatin has a high affinity for sulfur and selenium donors that are found in many proteins existing in the cells
and plasma. Cisplatin can interact with that donor groups and interrupt proteins and enzymes' functions,
reaching the DNA only 1% of the drug administered intravenously!>*19:19:17 Qne example is the HSA, one
of the most abundant blood proteins, containing the cysteine residue that can interact with metal complexes.
Regarding cisplatin, the main interaction with the HSA involves the sulfur donors responsible for the observed
toxic side effects when Pt(II) complexes are used as anticancer agents. However, this bond can be broken by

'3 Thus, cisplatin

so-called "rescue agents", sulfur-containing compounds (eg. glutathione (GSH), biotin, etc
presents severe side effects such as ototoxicity, nephrotoxicity, neurotoxicity, hepatotoxicity, cardiotoxicity,
gastrointestinal disorders, nausea, vomiting, anemia, and bone marrow suppression!'**1616%174 However, the
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major dose-limiting of cisplatin is related to nephrotoxicity'”. Neurotoxicity occurs due to damage to the

dorsal root ganglion neurons since cisplatin acts as a calcium channel blocker. Thereby altering the intracellular
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calcium homeostasis and leading to apoptosis of the exposed dorsal root ganglion neurons. Symptoms include
abnormal sensation, tingling in the extremities, and numbness associated with large fiber sensory loss and
reduced or absent muscle stretch reflexes. These effects have a peak in severity between 1 to 4 months after
the end of the weekly cisplatin regimen, although the last in many cases are generally reversible effects!’>178,
Cisplatin-induced nephrotoxicity is essentially caused by injury to the renal epithelium, which results in an
inflammatory response that induces damage to nuclear and mitochondrial DNA and consequent activation of
cell death'’®. This behavior is observed 10 days after the administration of cisplatin'”. The kidney is the organ
that accumulates cisplatin to a greater degree, being the main route of excretion. Thus, the concentration of
cisplatin in the proximal tubular epithelial cells is approximately 5 times the serum concentration. Therefore,
the unbalanced accumulation of cisplatin in the kidney contributes to nephrotoxicity!”. This toxicity is
triggered by the inhibition of the carnitine synthesis and by its resorption by the proximal nephron tubule due
to the decrease in the camnitine production!”. Camitine is a fundamental compound in the transport of fatty
acids from the cytosol to the mitochondria during the breakdown of lipids to generate metabolic energy and it
is produced by the biosynthesis of the amino acids lysine and methionine. Thus, the concentration of cisplatin
in the kidney exceeds the blood concentration, indicating an active accumulation by the cells of the renal
parenchyma, and it is eliminated through the glomerular filtration and tubular secretion of kidneys'”.
Nephrotoxicity is observed due to increased blood urea nitrogen and creatinine, serum uric acid, and/or a

180

decrease in creatinine clearance and reduced serum magnesium and potassium levels'®. However, hydration

with at least 3-6 L of water per day can decrease the risk of nephrotoxicity, thus decreasing the formation of
the more reactive cisplatin monohydrate'®’.

A high dose of cisplatin can lead to hepatotoxicity. The hepatotoxicity is mainly caused by oxidative stress,
formed by the increase of transaminases and bilirubin in the circulation. Transaminases are the most sensitive
biomarkers directly involved in triggering this toxicity, as these enzymes are released into the blood after cell
damage. The observed pathological changes consist of necrosis and degeneration of hepatocytes with
infiltration of inflammatory cells around the portal area with sinusoidal dilatation!”-!°,

Cardiotoxicity is another toxic effect of cisplatin. Cardiotoxicity is due to the leakage of lactate dehydrogenase
and creatine kinase from cardiac myocytes, which may be a secondary event after cisplatin-induced lipid
peroxidation of cardiac membranes'”.

Cisplatin also induces ototoxicity in 10-90% of patients, affecting more children than adults, leading to
deafness. The hearing loss is due to the generation of reactive species of excess oxygen in the cochlea cells,
causing cell apoptosis. Symptoms include bilateral symmetrical high-frequency sensorineural hearing loss,
tinnitus, and ear pain. Damage starts at the base of the cochlea, where high-frequency sounds are processed
and proceed towards the apex, thereby affecting hearing at lower frequencies, with an increase in the
cumulative dose. In children and babies, the consequences are devastating due to the delay in language

177,180

development due to impaired perception of high-frequency consonant sounds . However, several

approaches to its treatment have been reported as local or systematic administration of antioxidants and anti-

inflammatory agents'®°.
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The effects of gastrointestinal toxicity consist of observed nausea and vomiting that generally occur in almost
all patients, despite the routine use of prophylactic antiemetics. These symptoms start after 1 to 4 h after
treatment and can last for 24 h. However, late vomiting and nausea are also observed due to high doses that
begin or persist more than 24 h after cisplatin administration and last up to 2 weeks. Other symptoms such as
loss of taste or metallic taste, diarrhea, mucositis, and pancreatitis are also reported. However, gastrointestinal
toxicity may be worse when using combined cisplatin therapies with other anticancer agents'®®. This adverse
effect is much more severe compared to other platinum drugs use!”.

Another severe side effect of cisplatin is the induces of profound bone marrow suppression and anemia!’>17¢,
Leading, in the case of anemia, to the need for a transfusion of erythrocytes or the prophylactic use of
erythropoietin'”.

Cisplatin and other platinum drugs are usually administered by intravenous infusion with changeable dosage
schedules, generally in combination therapy with other cancer drugs'’®. After administration, 90% of cisplatin
binds to plasma proteins such as albumin, transferrin, and y-globulin'®!. The same is distributed throughout the
body tissues, mainly in the liver, kidney, and prostate!®>!33. Their interaction with the serum proteins influences
their disappearance in the plasma. Its plasma elimination is biphasic, with a short initial phase and a long
second phase'®!. For example, patients who receive more than 1 h of infusion will present a total platinum
biphasic clearance with a rapid initial phase of 8.7 to 22.5 minutes and a prolonged second phase of 30.5 to
106 h. Free cisplatin or ultrafilterable platinum was quickly detected and eliminated with a half-life of 22
minutes. The volume of distribution was 50.3 to 65.6 L, and about 26.6 to 50% was excreted in the urine within
48 h, making the urinary tract the main route of cisplatin elimination'®'.

Another limitation is resistance. There are two forms of resistance clinically demonstrated, acquired and
intrinsic resistance. Acquired resistance occurs from prolonged drug exposure throughout the treatment, while
intrinsic resistance is verified without prior exposure to the drug, occurring from the beginning of the
treatment'®*. Resistance mechanisms are understood as the primary mechanisms for its occurrence, the
increased degradation and detoxification of cisplatin by thiols glutathione, metallothionein, and other cysteine-
rich protein inside the cell preventing its interaction with DNA, as cisplatin binds to sulfur groups. In addition,
the conjugation of cisplatin with glutathione can be catalyzed by the enzyme glutathione S-transferase (GST),
making the compound more anionic, being subsequently eliminated from the cell through the ATP-dependent
glutathione S-conjugate export (GS-X) pump. Reduction in the cellular uptake by copper transporters (CTR1
and CTR2) and organic cation transporters (OCT) and upregulate cisplatin efflux from cells which decreases
cisplatin accumulation due to ATP-binding cassette (ABC) transporters. As such, the multidrug resistance-
associated proteins (MRPs), which are membrane transporters, belong to this subfamily and are responsible
for the efflux of ATP-dependent glutathione-platinum conjugates. In addition, the downregulation of ATP-
dependent copper transporters (ATP7A and ATP7B), which belong to the P-type ATPases family, where their
principal function is to remove excess copper from cells, is also implied in cisplatin resistance. So, these two

major pathways (P-type ATPases transporters and ABC transporters) are responsible for removing cisplatin
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from the cells. Furthermore, the increased DNA repair pathways and consequently the reduction in the
formation of cisplatin DNA adducts contribute to its resistance!3:168.169.184-188

One more limitation is the lack of selectivity once cisplatin reaches the target site once the DNA is present in
small amounts since most are dispersed in cells and plasma. In this sense, several strategies were adopted to
overcome these limitations, among which the use of transport systems such as dendrimers, nanotubes, micelles,
and the use of ligands with specific affinity for tumor cells to improve the cisplatin efficiency!*.

Another significant drawback is the poor solubility of cisplatin in water (ca. 1 mg/mL). It is known that
platinum (II) ions are considered "soft" acids and thus has affinities for moieties that contain elements
according to the order S> N> CI> O. Despite being poorly soluble in water, cisplatin is unstable in water,
undergoing the first hydrolysis half time (t12) approximately in 2 h at 37°C. Therefore, when cisplatin is
administered intravenously because it has poor oral bioavailability, it has to be in a saline solution, allowing
its charge to remain neutral for entering into cells by passive diffusion or membrane transporters. Well,
cisplatin is only stable when the chlorine concentration is high, greater than 100 mM as in blood plasma'®*.
Recent studies highlight the importance of the tumor microenvironment in cisplatin resistance!®3'°°. The tumor
microenvironmental factors that affect cisplatin resistance can be biological and/or physical. The biological
components refer to biochemical consequences of tumor growth such as acidity and hypoxia and non-
cancerous cells such as immune and stromal cells. On the other hand, the physical components, such as high
cell density, extracellular matrix, and fluidic shear stress, also called interstitial fluid pressure, interfere with

the delivery and efficiency of cisplatin'®®

. The tumor microenvironment inhibits cisplatin from reaching tumor
cells due to the physical barrier made up of compact cancer cells. However, the interaction between the rapid
growth of the tumor and the disorganization of the surrounding vessels and the extracellular matrix can lead
to increased interstitial fluid pressure'®®. The extracellular matrix is the main component of the tumor
microenvironment, whose role is to act as a scaffold to maintain the structure and function of the tissue. Thus,
changes in its rigidity and elasticity can make it challenging to deliver the drug to cancer cells. For this reason,
the extracellular matrix plays a fundamental role both in tumor progression and in resistance to anticancer

188

drugs'®®. The extracellular matrix can also interact with the surrounding cells and promote drug resistance by
activating survival proteins, known as cell adhesion-mediated drug resistance (CAM-DR). This resistance
mechanism occurs through the receptor-ligand interactions of the tumor cell with the extracellular matrix.
Consequently, the contact of the tumor cells with the extracellular matrix or stromal cells triggers integrin-

188~ Another obstacle is the compact

mediating signaling pathways that can produce anti-apoptotic molecules
aggregation of tumor cells, and reduced blood flow can lead to hypoxia of tumor tissue and, consequently,
facilitate the rigidity of cancer cells and multidrug transporter expression. Furthermore, the deficient nutritional
supply of disorganized tumor vessels impels tumor cells into glycolysis, leading to the production of more
acidic residues. Therefore, this acidic medium can promote the expression of the multiple drug transporter and

1'%, The intercellular interactions in the tumor

reduce the accumulation of cisplatin within the cel
microenvironment between stromal and tumor cells can also modify the extracellular matrix and secrete growth

factors, suppress the antineoplastic immune response, and support tumor angiogenesis, producing a favorable
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environment for drug resistance!®®

. The immune system also plays a role in cisplatin resistance. Indeed,
cytotoxic T cells (CTLs), also known as CD8" T-cells, are T lymphocytes that can secrete cytotoxic enzymes
such as granzyme or perforin to induce cancer cell death. However, cancer cells can activate the immune
checkpoint signaling pathways and escape attacks by these lymphocytes!®®. Thus, the microenvironmental
tumor can impair the efficiency of cisplatin as an anti-cancer agent through its limited delivery, inactivation,
and inhibition of cancer cell death!®. Consequently, combinatorial therapy using nanosystems is a strategy to

prevent the formation of cisplatin resistance mechanisms and maintain selective targeting in cancer cells™'.

3.1.1. Mechanism of action

The mechanism of action of cisplatin involves several sequential processes, namely, the cellular uptake of
cisplatin, followed by its aquation/activation, DNA binding, and cell process that leads to apoptosis (Figure
10)192.193,

As stated earlier, for cellular uptake, pass the cell membrane and interact with the target DNA, cisplatin must
be administered intravenously in a saline solution!®?. It is speculated that the entry of cisplatin into the cells
occurs through the mechanisms of passive diffusion, crossing the lipid bilayer due to steric restrictions that
prevent it from entering the cell via ion channels or, by transmembrane transportation system as CTR and

165 In this sense, as at physiological pH, platinum

OCT, or even by a combination of the two mechanisms
chlorides are replaced by OH molecules with a neutral charge that allows the transport of cisplatin by passive
diffusion across the cell membrane, flowing from high external concentration to low internal concentration
inside the cell. On the other hand, the low level of copper transporters and organic cation transporters implies
reduced levels of cisplatin within the cell'**1¢1:184192 The membrane transporters that can play a role in cisplatin
uptake are copper transporters such as CTR1, organic cation transporters (OCT1 and OCT2), and sodium-
dependent transporters. Copper transporters CTR1 are the primary copper transporters being expressed in all
tissues and essential in regulating intracellular copper levels. OCTs are located in the plasma membrane and
are involved in the absorption and excretion of exogenous and endogenous compounds in various organs.
Regarding sodium-dependent transporters, they indirectly influence the transport of cisplatin, as it controls the
gradient of sodium ions. Its inhibition decreases the gradient of sodium ions that cross the membrane and
consequently affects the passive diffusion or active transport of cisplatin. Since sodium and potassium pump
(enzyme Na*/K* ATPase) is responsible for maintaining the gradient of the Na*™ and K™ ions across the plasma
membrane, thereby hydrolyzing the adenosine triphosphate (ATP) at the same time that it pumps sodium into

the outside and potassium inside the cells'””'%.
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Figure 10: Representation of the cytotoxicity pathway of cisplatin.

When cisplatin is transported into the cell, it can have several ends, such as reacting with several subcellular
components, including proteins, RNA, and DNA. It can also bind to thiol groups of the glutathione and
metallothionein proteins, being neutralized and exported from the cell by a membrane transport system'®.
Besides, cisplatin can also bind to mitochondria DNA, inhibiting ATP production, which reduces ATPase
activity by altering the calcium content within the cell, decreasing cellular respiration, ROS, and cellular lipid

peroxidation'®

. Mitochondrial DNA is sensitive to platinum complexes. Additionally, the mitochondria in
tumor tissues differ from normal tissues at the functional and structural level, where cancer cells have higher
mitochondrial membrane potentials, making them more vulnerable to mitochondrial disturbance than normal
cells'*!?*. Once inside the cell, cisplatin is subjected to hydrolysis reactions where becomes activated through
the replacement of chloride ligands by water molecules. Hydrolysis of cisplatin is triggered by the

concentration of chlorine ions in the cytoplasm being significantly lower between 4-10 mM than in the
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extracellular matrix 100 mM!>192, Thus, the lower intracellular concentration of chlorine ions facilitates the
hydrolysis of cisplatin in mono and diaquated cationic complexes such as cis-[Pt(NH3),ClI(OHz)]* and cis-
[Pt(NH;)2(OH.):]** due to the loss of one or two chlorine ligands. These complexes are very reactive and
therefore can interact with a number of nucleophiles as DNA or cellular structures present in the cytoplasm!®2.
The first-order rate constants of the mono and diaquation steps in pure water at 25°C are 2.5x10° and 3.3x10-
5§71, respectively. In the presence of DNA, the monofunctional adducts form at a constant rate of 10.2x107 s-
' and bifunctional adducts 9.2x10” s?. In this sense, the half-life for aquation and binding to DNA is
approximately 2 h'*?. It is noteworthy that the exchange rate of ligands is very important, as rapid hydrolysis
of the X, ligands leads to the formation of more reactive species. Consequently causing severe systemic
toxicity and greater binding to biomolecules such as sulfur-containing amino acids, peptides, or proteins in the
blood. If hydrolysis is slow, it will have less toxicity, longer plasma half-life, efficient excretion by the kidneys,
but there will be a reduction in its anti-cancer properties. This effect can be overcome if the concentration of
cisplatin in the target site is maintained for a longer period!'¢!. It should be noted that when cisplatin or a
platinum complex enters the tumor cell, its cytotoxicity is only inevitable when it reaches the nucleus and
reacts with DNA. This happens because the active cationic species can react with other molecules than DNA,
such as proteins and RNA. In addition to having an affinity for molecules with thiol groups such as cysteine,
methionine, and others, and for several enzymes involved in glutathione activity such as GST, gamma-
glutamyl transferase (AGT), and glutamyl cysteine synthase (AGGS)'*. Preferentially, the activated cisplatin
complexes bind covalently to the most nucleophilic sites of the DNA at the N7 position of the imidazole ring
of the guanine (G) and adenine (A) nucleotide bases in the dinucleotide sequences GG and AG. Where
monofunctional adducts in DNA are formed first. Subsequently, bifunctional adducts are formed by linking a
second guanine base, forming a crosslink in the DNA. These crosslinks can occur between deoxyguanosines
on the same strand or at different strands, giving rise to intrastrand and interstrand DNA crosslinks' 4163193,
The most prevalent adduct is the 1,2-d (GpG) intrastrand crosslink (65%), although 1,2- (ApG) (25%) and 1,3-
d (GpTpG) (10%) intrastrand crosslinks are also formed with small amounts of GG interstrand crosslinks and
monofunctional adducts (Figure 11). Furthermore, the GG intrastrand crosslinks cause the bend of DNA
double helix about 35 e 40°'63-172.19  Besides, 1,3-intrastrand adducts are repaired more rapidly by DNA repair
enzymes than 1,2-intrastrand adducts'®’. Despite that, and although these changes are rare, the interstrand DNA
crosslinks can also cause major changes in the structure of DNA. In this way, the interstrand DNA crosslink
produced by cisplatin unwinds the DNA near the platinum site and bends the helix towards the smaller groove
where cisplatin is bound!®*. Platinum-DNA adducts are recognized by several protein families associated with
DNA repairs, such as high mobility group (HMG) non-histone chromosomal protein, mismatch repair (MMR)
proteins, and nucleotide excision repair (NER) proteins and transcription factors as TATA protein and Y-box
binding protein, YB-1!%"17_ The 1,2-intrastrand adducts can be recognized by proteins such as HMG non-
histone chromosomal 1 and 2 (HMG1 and HMG?2) proteins. These proteins bind tightly to platinum-DNA
adduct in the broadened minor groove, specifically to the 3’ side of the strand with platinum, protecting
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cisplatin-DNA adducts from being repaired and contributing to its toxicity'®’. These HMG proteins are mainly
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involved in regulating cellular processes involving DNA, such as replication, transcription, recombination, and

chromatin remodeling. These recognize cisplatin-DNA intrastrand adducts between adjacent guanines, altering

169,197

cell cycle events which subsequently leads to apoptosis
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Figure 11: Cisplatin DNA-adducts. Adapted from references!¢>1%.

The TATA protein is a transcription factor for the RNA polymerases I, II, and II. This protein binds to DNA
at the promoter sites in the minor groove by bending the double helix towards the main groove, causing a
structural change similar to that of an intrastrand cisplatin crosslink. TATA recognizes the platinum adduct
1,2-[Pt (NH:3),]**-d(GpG), and binds to it, inhibiting the initiation of transcription. The affinity of this protein
to the cisplatin adduct is similar to that of a link with the promoter'®’. Another transcription factor that binds
cisplatin-modified DNA is the Y-box binding protein, YB-1. It is a protein that recognizes an inverted CCAAT
sequence called Y-box. The YB-1 protein selectively binds cisplatin cross-links to DNA, 1,2-d (GpG), 1,2-d
(ApG) and 1,3- (GpTpGQ). This protein is important in signaling DNA damage and also in cell proliferation. It
is overexpressed in the nucleus of cells resistant to cisplatin'®’. Following this, when cell DNA is damaged,
the common response to this event is to interrupt the progression of the cell cycle so that the damage is repaired,
preventing mutation-inducing lesions from being transmitted to daughter cells®>. So, the DNA damage
resulting from cisplatin binding induces cell cycle arrest at the G2 stage, mediated by ATM (Ataxia-
telangiectasia-mutated) and ATR (ataxia telangiectasia and Rad3-related) pathways via downstream kinases,

checkpoint kinases 1 and 2 (Chkl and Chk2), delaying the cell cycle progression. After activation, both
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upregulate cell cycle checkpoint pathways, inducing cell cycle arrest and DNA repair'®%1%8,

The pathway
employed by cancer cells to perform the DNA repair and remove adducts of cisplatin-DNA is by using the
nucleotide excision repair (NER) mechanism. This process requires a large number of proteins to remove an
oligonucleotide with 30 nucleotides that contain the platinum site where the new single-stranded
complementary DNA replaces it, to template the synthesis of a new oligonucleotide and consequently
reconstituting integrity of the gene. Amongst the NER associated proteins, the ERCC1 a DNA excision repair
protein is one of the components involved in cisplatin resistance. So, the increased NER activity is associated
with resistance to cisplatin!6>-16%180.192

The MMR protein complex also recognizes the major cisplatin 1,2-dGG intrastrand adduct in the template
strand and binds to DNA to repair in cisplatin-DNA damage!®®18%-199-200 This protein is responsible for
recognizing and repairing mismatched base pairs'®. However, if the damage cannot be repaired, the cells will
initiate a programmed cell death process by activating the apoptotic signaling pathway, which can be triggered
by two mechanisms, the extrinsic or death receptor pathway or the intrinsic mitochondrial pathway. The
extrinsic pathway is activated by extracellular ligands that bind to the death receptors on the cell surface,
leading to the formation of the death-inducing signaling complex (DISC). At the same time, the intrinsic
mitochondrial pathway is activated by intracellular signals when the cell is under stress, like DNA damage.
This pathway is mediated by various mitochondrial intermembrane proteins such as c-Jun N-terminal kinase
protein (JNK) signaling cascade, p53 and pro-apoptotic members of the Bcl-2 (B-cell lymphoma 2) family

proteins®®!

. The c-Jun N-terminal kinase protein is activated by various stress stimuli, including DNA damage.
Thus, cisplatin activates the JNK pathway, where the protein p73, a pro-apoptotic member of p53, forms a
complex with JNK leading to cell apoptosis'”. Tumor suppressor protein p53 is a short-lived protein that is
activated by ATM and ATR in the DNA damage signal. It can transactivate genes that are involved either in
the progression of the cell cycle or the repair of DNA and apoptosis. It is responsible for preventing genome
mutation'”*'®, In this sense, the increase in p53-regulated expression of pro-apoptotic genes including BAX
(bcel-2-like protein 4) after DNA damage, leads to the loss in membrane potential and release of cytochrome ¢
from mitochondria and subsequent cleavage of procaspase-9 (caspase is cysteine aspartate-specific proteinase)
that bind with cytosolic Apaf-1 (apoptotic protease activating factor 1) and ATP to form an apoptosome
complex which activates caspase-9. Subsequently, caspase-9 interacts with other caspases to activate the
caspases 3, 6, and 7, which degrade the cell components essential to its viability, leading to apoptosis, an ATP
dependent cell death mechanism!7180:192,

On the other hand, cisplatin-DNA adducts inhibit DNA replication and inhibit transcription at the initiation
and clongation stages. The discovery of the cisplatin cytotoxicity mechanism reveals that the G2 arrest of
L1210 leukemia cells was necessary for apoptosis and that loss of DNA replication viability was not consistent
with cell death. Thus, with the arrest in the G2 phase, the cells could not synthesize the messenger RNA
(mRNA) necessary for the next stage, the mitosis, leading to inhibition of transcription and consequently to
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apoptosis’’. In this sense, the antitumor efficacy of a platinum complex is related to its ability to block RNA

synthesis'?’.
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The mechanism of inhibition of transcription of cisplatin-DNA adducts involves three steps, (1) the binding of
transcription factors, where cisplatin-DNA adducts serve as binding sites such as TATA-binding protein
(TBP), which have a high affinity for DNA with cisplatin. In this way, interactions with platinum adducts
prevent transcription factors from binding to native promoter sites and consequently inhibit transcription in the
early stage. (2) Inhibition of RNA polymerases, as cisplatin-DNA adducts inhibit RNA polymerase II at the
site of platinum adducts since they prevent the transcription from being extended by the enzyme, with adducts
being a physical impediment. (3) Interruption of chromatin remodeling since cisplatin-DNA adducts can
interfere with transcription at the level of chromatin reorganization. Where nucleosome positioning and
mobility are essential factors for transcription. Thus, cisplatin-DNA adducts can inhibit transcription in the
initiation and eclongation stages by altering the nucleosome organization of promoter sites and reducing

97 However, the pathways involved from inhibition to apoptosis are not yet elucidated,

nucleosome mobility
although some processes that may be involved in cell death have been suggested!®7-202203,

Apart from DNA damage, cisplatin can also induce oxidative stress depending on its concentration and
exposure time by ROS formation. The mitochondria is one of the main targets, resulting in the loss of the
mitochondrial protein thiol group, reduction of the mitochondrial membrane potential, and inhibition of
calcium uptake'”. So, ROS can affect their respiratory function and cause cellular dysfunction. Together with
apoptosis regulator BAX (member of the Bcl-2 gene family) and calcium (Ca®"), they cause damage to the
mitochondrial DNA (mtDNA) and decrease the mitochondrial membrane permeability transition (MPT),
facilitating the rupture of the mitochondria that leads to the cleavage of the substrates and consequently to

apoptosis'®

. On the other hand, cisplatin can induce apoptosis from the cell membrane. That is, the type-11
transmembrane protein Fas ligand (FasL) can activate the Fas receptor to form the apoptosome complex from
FADD (Fas-associated death domain) and procaspase-8. This procaspase-8 apoptosome complex activates
caspase-8, which subsequently activates caspase 3, 6, and 7, cleaving key substrate and leading to apoptosis'®.
In sum, cisplatin-DNA adducts are the major cytotoxic mechanism that leads to the activation of signal

transduction pathways, which sequentially kill cancer cells through programmed cell death, apoptosis'¢!.

3.2. Oxaliplatin and DACHPt (the active part of oxaliplatin)

Although its limitations include toxicity and resistance, cisplatin has been extensively used in cancer treatment.
In this sense, these limitations triggered the pursuit of alternative compounds derived from platinum with

15 Among the new platinum compounds of second and

improved anticancer properties and pharmacokinetics
third generation developed, those with 1,2-diaminocyclohexane (DACH) ligand have received more attention
in recent years®*.

The synthesis of 1,2-(diaminocyclohexane)platinum (DACHPt) complexes (tetraplatin (Tetrachloro (D,L-
trans) 1,2-diaminocyclohexaneplatinum(IV)),malonatoplatin (1,2- diaminocyclohexanemalonatoplatinum(II)),
oxaliplatin([(trans-1R,2R)-cyclohexane-1,2-diamine](ethanedioato-O,0")platinum(Il)), dichloro(1,2-

diaminocyclohexane)platinum(Il) (DACHPtCl,)) was reported in the 1970s, where the 1,2-
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diaminocyclohexane (DACH) ligand showed a lack of cross-resistance with cisplatin in resistant L1210

204,205 O

leukemia cells and more effectiveness than others carrier-ligand platinum complexes ther studies have

shown that DACHPt compounds are more effective against several cisplatin-resistant cell lines?%*.
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Figure 12: Structures of 1,2-diaminocyclohexane platinum(IT) (DACHPt) complexes. Adapted from reference®**.

Yoshinori Kidani et al. at the Univesity of Nagoya, Japan was the first to suggest that stereochemical
conformations of DACH ligands may affect the interactions of DACHPt compounds with DNA?0426 The
DACH ligand has two asymmetric centers, which give rise to the trans-R, R-DACH and trans-S, S-DACH
enantiomers, and the cis-R, S-DACH diastercomer. These complexes differ in their anticancer activity, which
decreases according to the following order: R, R> S, S> R, S¥4205 Amongst the DACHPt compounds,
oxaliplatin, a third-generation platinum anticancer drug, was designed to overcome cellular resistance to
cisplatin, being one of the best sale anticancer drugs 7>, The strategy used to overcome resistance to cisplatin
consisted of exchanging amine ligands for 1,2-diaminocyclohexane and subsequently replacing the chloride
leaving groups with an oxalate group to increase the aqueous solubility allowed for further improvement with
clinical importance®®.

Oxaliplatin was synthesized by Yoshinori Kidani et al. in 1976 (U.S. Patent 4,169,846 in 1979) and developed
primarily in France with the support of Roger Bellon Laboratorie and Debiopharm Laboratories and sold now
by Sanofi S. A."° under the trade name of Eloxatin (patent expired). However, it was only in 1986 that
oxaliplatin started the clinical trials phase ***. In 1999 it was received European approval and in 2002 the FDA
approval'>,

Oxaliplatin is square planar platinum (II) consisting of a chelating and chiral bidentate 1,2-
diaminocyclohexane (DACH) stable ligand and an oxalic acid leaving group. The DACHPt ([Pt(trans-1R,2R-

DACH)]*") unit plays an important role in cytotoxicity, as it has a potent antitumor activity and protects against
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cross-resistance to cisplatin. In contrast, oxalic acid significantly reduces the reactivity of oxaliplatin despite
limiting the side effects associated with neurotoxicity. Due to its better safety profile than cisplatin, oxaliplatin
is used in patients who cannot tolerate cisplatin!®”-160:16%:195 " Oxaliplatin gave interesting results in some types
of cancer such as ovarian, head and neck cancer, breast, malignant melanoma, glioblastoma, non-Hodgkin's
lymphoma, and non-small cell lung cancer (NSCLC). However, the best results were obtained in the treatment
of colorectal cancer!®. Accordingly, oxaliplatin is being used as a combination therapy in the frontline with
other chemotherapeutic drugs, namely 5-FU and leucovorin, to treat colon cancer and non-small cell lung
cancer'”’. It showed synergistic effects with 5-FU, even in tumors resistant to oxaliplatin, presenting only a

277 The exceptional activity in colon cancer has been associated with its ability to act

specific set of toxicities
as a substrate for organic cationic transporters since they are overexpressed in large quantities in patients with
this type of cancer!’?. Nevertheless, oxaliplatin has some side effects that limit its therapeutic index. The target
organs are essentially the hematopoietic and gastrointestinal systems and the peripheral nerves!6!-176:208.209

Oxaliplatin is moderately myelotoxic. The severity of myelotoxicity is proportional to the dose, usually 85-
135 mg/m? intravenously. Grade 3 and 4 of neutropenia are common, although only 4% have a neutropenic
fever. On the other hand, hemolytic anemia and thrombocytopenia are not so serious'’*?%. It probably affects
the progenitor cells in the bone marrow as oxaliplatin enters the peripheral blood cells, and therefore the DNA
adducts are observed in leukocytes after its administration. However, the real impact is not known. However,
the number of oxaliplatin-DNA adducts in patients' blood cells may be related to the severity of
thrombocytopenia and leukopenia'’®>%. Other less frequent mechanisms of hematological toxicity have been
reported, such as hypersensitivity reactions after successive infusions of oxaliplatin that can cause hemolytic
anemia, secondary immune thrombocytopenia, and rare cases of acute secondary leukemia!”*!762% The effects

of the gastrointestinal system are generally mild to moderate in intensity and include nausea, diarrhea, and

208 176,208

vomiting*”®. In contrast, peripheral neuropathy is very common in patients treated with oxaliplatin
Experimental data suggest that oxalate, an oxaliplatin metabolite, interacts with voltage-gated sodium channels
in complex pathways involving calcium chelation, which can block the conduction pathways leading to

176208 Peripheral neuropathy exists

peripheral neuropathy involving, essentially, sensory and non-motor fibers
in two forms, the acute and the chronic form. Acute peripheral neuropathy is characterized by symptoms such
as paresthesia, allodynia, or dysplasia that affects the oropharyngolaryngeal area, extremities, and lips during
or just after the administration of oxaliplatin infusion. It is usually triggered by exposure to cold and disappears
in a few hours or days!’*?%®_ Chronic peripheral neuropathy results from cumulative exposure to oxaliplatin
and occurs in grades 3 and 4. Incidence is approximately in 15% of patients who received a cumulative dose
of 800 mg/m?. The symptoms are associated with the extremities'’*?%. This adverse effect, initially described
as a degenerative process of the axons, in which the sodium channels play a role, is now considered the
accumulation of platinum compounds in the dorsal root ganglia cells, which causes atrophy and mitochondria
dysfunction being irreversible in less than 5% of patients!’®?%. So, mostly, peripheral neuropathy manifests

itself as a decrease in proprioception and distal sensations'’¢?%. Nonetheless, it is crucial to understand the

mechanism of oxaliplatin chronic peripheral neuropathy in order to prevent and treat it, once dose-limiting
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toxicity causes neurotoxicity!s3. Other disadvantages include low selectivity at tumor sites, rapid degradation
and/or inactivation after administration, and low bioavailability?'®. Nevertheless, it has several advantages
compared to cisplatin: low toxicity, no cross-resistance to cisplatin, and a wide spectrum of anticancer
activity?!?.

Oxaliplatin is administered intravenously through an infusion. The bioavailability of oxaliplatin is complete
after intravenous administration. Thus, when a 2 h intravenous infusion of oxaliplatin is administered at a dose
of 130 mg/m?, the maximum plasma platinum concentration was 2,96 + 0,57 ug/mL?'!. After 2 h of infusion,
about 15% of administered platinum is present in the systemic circulation while the remaining 85% is quickly
distributed in the tissues or eliminated in the urine. The platinum volume distribution on plasma ultrafiltrate
ranged from 349 + 132 to 812 £ 369 L. This high volume of distribution may be due to the DACH complex as
it has a lipophilic nature and binds irreversibly to proteins, DNA, and other cellular macromolecules®!!. Right
after the infusion, oxaliplatin undergoes rapid and extensive non-enzymatic biotransformation in physiological
solutions into active derivatives by substituting the oxalate group. In this way, some transient reactive species
are formed, among which the mono and diaquo DACH platinum complexes, that can subsequently covalently
bond to macromolecules such as plasma proteins, essentially albumin, and gamma-globulins, being an
irreversible process and over 95%. It also irreversibly binds to erythrocytes®!!. So, the interaction of oxaliplatin
with cellular proteins, tissues, blood, and other plasma constituents, forms inactive species. However, it is
expected that these molecules are of no pharmacological interest. Because most pharmacological studies only
measured the content of platinum in biological matrices, which complicates the interpretation of

28 After five days of a single 2 h infusion of oxaliplatin, platinum was eliminated in

pharmacological data
about 54% by urine and only 2% by fecal excretion. Being the main route of elimination the renal excretion.
Furthermore, the clearance of platinum from plasma through the covalent binding to tissues and renal
elimination is fast. As the renal clearance of platinum correlated with the glomerular filtration rate, the main

mechanism for eliminating platinum from the kidneys is glomerular filtration!!

. The decline in platinum levels
after administration of oxaliplatin is described as having a tri-exponential elimination pattern, with two
distribution phases at 0.28 h (t12a) and 16.3 h (t12). This was followed by a long phase of elimination of 273
h (ti2y)*!!. As the third half-life of oxaliplatin is in the order of hundreds of hours, it is expected to accumulate
in the tissues. Thus, a study examined the long-term retention of platinum from 8 to 75 months after its
treatment®®. Platinum was found in both the entire and ultrafilterable (unbound platinum) plasma. Where the
risk factors for persistently high levels are, high cumulative dose and decreased glomerular function.
According to the authors, the platinum found was still reactive, having the ability to form adducts with DNA
in vitro. However, the physiological significance of this reactivity is not yet known, but the results are worrying
about long-term toxic effects as secondary malignancies®’®.

In contrast, the pharmacokinetics of oxaliplatin after the infusion were evaluated in the patient’s blood,
presenting a half-life of 14.1 minutes®'?. Another 45 minutes half-life was also observed and related to the in
vivo degradation of oxaliplatin in the blood, suggesting that the oxaliplatin degradation in blood has a role in

its elimination?*®2'2. However, the dichloro (1,2-diaminocyclohexane) platinum (II) compound (DACHPtCl.)
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is a potent anticancer drug with a broader spectrum of activity with less toxicity and no cross-resistance with
cisplatin in several types of cisplatin-resistant cancers. But, due to its very low solubility in water (0.25
mg/mL), is very difficult to administer intravenously, limiting their clinical use as an antitumor drug!’>2!3.
Although compounds containing the DACH group have less solubility in water than cisplatin, this feature can
be beneficial in developing drug delivery systems'®!,

So why not use a carrier to deliver the drug DACHPY, instead of using oxaliplatin which has disadvantages at

the clinical level if the mechanism of action of oxaliplatin is due to the DACH carrier?

3.2.1. Mechanism of action

Oxaliplatin is administered intravenously because it is not orally bioavailable due to its poor absorption,
chemical reactivity, and severe gastrointestinal side effects?'*. Compared to cisplatin, oxaliplatin is much more
stable to aquation due to the chelating nature of the oxalate group. The aquation of oxaliplatin is also much
slower, with a constant rate of 1.2x10° s' at 37°C in 10 mM HEPES ((4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) buffer'®?. Although the differences in cytotoxicity between oxaliplatin and
cisplatin are attributed to the DACH ligand, the bidentate oxalic acid ligand, in turn, alters the drug's activation
pathway (Figure 13). The biotransformation of oxaliplatin is based on the nucleophilic substitution of the
oxalate ligand by chloride ions followed by hydrolysis. So, at intracellular physiological concentrations, these
chloride complexes interact with HCO* (bicarbonate) and H.PO* (dihydrogen phosphate) ions, producing
reactive species, then the aqua complex can react with amino acids, proteins, and DNA. However, by reacting
with amino acids such as glutathione, L-cysteine, and L-methionine can form inactivated species?>?!°,

The reaction of platinum complexes with strong nucleophiles usually results in the formation of inactive
platinum complexes. Conversely, the reaction of platinum complexes with weak nucleophiles, such as the N7
of guanines in DNA, requires first the hydrolysis of the complex that occurs through interaction with HCO*
and H,PO* at physiological concentrations, which creates the active complex. In this sense, most likely, the
reactions with HCO* in the plasma, with intracellular HCO* and H.PO*, represent the main oxaliplatin

204

activation pathways®**. Therefore, in plasma, oxaliplatin rapidly undergoes non-enzymatic transformation

forming reactive species due to the displacement of the oxalate group, which complicates its pharmacokinetic
profile®®.

The cellular uptake of oxaliplatin is carried out through passive diffusion, facilitated, and/or active transport?®.
It is assumed that the organic cation transporters OCT1 and OCT2 mediate the cellular uptake of oxaliplatin
since their overexpression significantly increases the cellular uptake of oxaliplatin®'®?'”. As for copper
transporters, it is known that the CTR1, is involved in the cellular uptake of oxaliplatin, although its role in

resistance is still uncertain'®2!¢. Furthermore, due to the high lipophilicity of the DACH ligand, there is an

increase in the cellular uptake of oxaliplatin compared to cisplatin'®®.
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Figure 13: Representation of the cytotoxicity pathway of oxaliplatin.

The main mechanism of action of oxaliplatin is also mediated by the formation of adducts with DNA (Figure
14). Although, it can also bind to RNA and proteins. Thus, when oxaliplatin enters the cell, a chloride ligand
dissociates to form a reactive 1,2-DACH monoquamonocloro platinum (II) ([Pt(R,R-DACH)(H-O)(C1)]")
complex, which reacts with the N7 of guanine of the DNA to form monoaducts. The dissociation of the second
chlorine ligand forms the reactive specie 1,2-DACH diaqua platinum (IT) ([Pt(R,R-DACH)(H>0),]*") that
allows the conversion of monoaducts into several stable diaducts. Thus, the hydrolysis of oxaliplatin through
aquation to form reactive species is lower than that of cisplatin. Most adducts formed are with two adjacent
purine bases (1,2-GG or AG) intrastrand. These adducts are more effective in blocking DNA replication and
transcription, being considered the main cytotoxic lesions. The other types of adducts formed but to a lesser

extent are the interstrand crosslinks and DNA-protein crosslinks??4-207:208.218
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Figure 14: Oxaliplatin DNA-adducts. Adapted from reference?!s.

The formation of biaducts between oxaliplatin-DNA inhibits DNA replication and transcription, triggering
apoptosis after cell cycle arrest, in case there is no repair by excision of nucleotides?®®.

Compared to cisplatin, oxaliplatin is not efficient in inducing adducts, but the modification of the three-
dimensional structure of DNA may be more significant and efficient in inhibiting polymerization and DNA
repair due to the size of the diaminocyclohexane group!**2'°. Nonetheless, in addition to the formation of the
1,2-intrastrand crosslink, a new feature was identified in the oxaliplatin-DNA adduct, the hydrogen bond
between the pseudoequatorial hydrogen atom NH of the trans-R, R-cyclohexane-1,2-diamine ligand, and the
C6 atom of the 3-d (GpG) platinated lesion, which demonstrates that chirality influences the interaction of
oxaliplatin with DNA!">2"7 However, oxaliplatin requires less DNA damage than cisplatin to achieve an equal

219 Despite the similarities between cisplatin and oxaliplatin, there are some relevant

level of cytotoxicity
differences in their mechanism of action, which may be related to their different profiles of anticancer activity.
DACHPt adducts are bulkier and more hydrophobic than cisdiaminePt, so DACHPt adducts are more effective
in inhibiting DNA synthesis and are more cytotoxic. The conversion of the monoaduct to the diaduct is slower
for DACHPt adducts, as the N-Pt-N binding angle is probably more restricted for DACHPt-DNA adducts than
for cisplatin-DNA adducts®™. Since the DACH ligand is bulkier, it induces a different conformational
distortion in the DNA, because it fills a large part of the main DNA groove making it narrower and less polar
at the intrastrand crosslink site?. Thus, its lipophilicity and volume are responsible for the differential
formation of oxaliplatin-DNA adducts. Hence, when projecting into the major groove, 3.7 A more than

cisplatin, and exhibiting a non-covalent bond with DNA, the DACH ligand appears to form a helix similar to

A-DNA?". These adducts are not recognized by the damage recognition complex involved in MMR proteins,
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but there is no decrease in cytotoxicity, which makes the antitumor activity of oxaliplatin independent of
MMR!®_ In addition, it has been shown that bidentate adducts formed between bifunctional mononuclear
platinum (II) complexes and DNA are susceptible to further transformations. That is, the coordination bonds
between these platinum complexes and the nucleotide bases of the DNA can be spontaneously cleaved, with a
cleavage reaction for each intrastrand crosslink. This process forms an intermediate monofunctional adduct
that can restore the intrastrand crosslink or form new adducts such as DNA-DNA or DNA -protein crosslinks?®.
On the other hand, these cleavages can lead to the formation of linkage isomerization reactions between
platinum complexes and double-stranded DNA*. So, the differences in the thermodynamic destabilization of
the DNA and the kinetics of the rearrangement reactions observed in the oxaliplatin-DNA adducts indicate
that the chirality of the DACH ligand can significantly affect the structural properties and consequently its
biological effects?.

Following this, the antitumor activity of oxaliplatin is mediated by the recognition of DNA adducts by cellular
proteins. Thus, the affinity of the HMGB protein with the 1,2-GG intrastrand adduct of oxaliplatin is
comparable with cisplatin. However, the binding of the HMGBI protein to oxaliplatin-DNA adducts is less
strong??°.

Another protein involved in the biological process of oxaliplatin is TBP, which is a transcription factor for
RNA polymerases (I, II, and III) that specifically binds to a DNA sequence called the TATA box. This protein
is an abundant nuclear protein that binds to modified DNA as tightly as HMGBI. In turn, the platinum DNA
can deviate the TATA box from its natural binding site by inhibiting transcription initiation. The affinity of
this protein with DNA is less than with cisplatin®’. The damage induced in DNA by the DACH ligand is
poorly recognized by DNA recognition and repair pathways®*°. In this sense, the MMR protein complex can
be prevented from binding to adducts due to conformational distortions in the adduct region, which results in
greater irreversibility of lesions in DNA?%-2%-22! " The MMR is a post-replication repair path responsible for
correcting base mispairs and looped intermediate that occurs during replication. It is also involved in the
cellular response to DNA damage, playing a role in the signal transduction pathway, cell cycle regulation, and
apoptosis. In this way, MMR initiates cellular responses to damage through recognition of DNA adducts,
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leading to cell cycle arrest and cell death by apoptosis®'>. Thus, tumors with MMR deficiency are sensitive to

oxaliplatin, which is the case with colorectal cancer, and others intrinsically resistant to cisplatin®'°.

On the other hand, DNA damage by oxaliplatin is repaired with similar efficiency and kinetics by the NER
system than cisplatin®*®*'®. The NER system targets damaged or inappropriate DNA bases. In this sense, the
repair factors XPA and RPA that are involved in the formation of a damage recognition subunit triggers the
recruitment of endonucleases responsible for double excision at the 3' and 5' lesion sites, with the excision of
the oligomer containing the damage from 22 to 32 nucleotides in length. Subsequently, DNA re-synthesis is
carried out, and the linking of the new strand to the parental DNA fills the gap obtained after removing the
damage?'’.

In addition, tolerance to DNA damage can be achieved through the post-replication repair process, which refers

to the ability to replicate DNA past a bulky adduct without introducing gaps in the strand, not being considered
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a true repair process, as adducts are not removed. This process is defined as translesion synthesis or replicative
bypass. The replicative bypass of DNA lesions can determine the tolerance of the toxic action of the drug. In
this sense, replicative bypass and translesion synthesis can be used to indicate the ability of certain polymerases
to continue DNA synthesis, even in the presence of bulky adducts such as oxaliplatin in the DNA chain that
are ignored by the repair mechanism that continues through them. The tolerance of DNA damage can also
occur through the MMR path?!®. Accordingly, an enhanced replication bypass and/or a decrease in MMR are
more sensitive to the action of oxaliplatin, suggesting a considerable clinical potential of the drug?">.
Oxaliplatin can also exert its cytotoxic effect by inducing the intrinsic and extrinsic apoptosis pathway,
although it is not clear whether it promotes caspase activation®!¢.

The tumor suppressor protein, p53, detects DNA damage, activate cell cycle control checkpoints, and triggers
cell death?'®. So, the intrinsic route is regulated by the Bcl-2 family of proteins, which includes anti-apoptotic
members (Bcl-2, Mcl-1, and Bcl-x1) and proapoptotic members (Bak, Bad, and Bax). The extrinsic pathway is
mediated by the activation of death receptors (TNFR1, TRAIL, DR4, DRS, and Fas/CD95) after association

with specific ligands?!¢

. Nonetheless, the inhibition of DNA replication is not always sufficient to cause cell
apoptosis, and thus the inhibition of transcription also plays a key role. The inhibition of transcription consists
of three mechanisms: (1) the binding of transcription factors where the DNA-platinum adducts can be used for
transcription factors as binding sites, preventing their binding to their promoter sites and consequently inhibit
the initiation of RNA synthesis; (2) nucleosomal DNA adducts that can block RNA polymerase from accessing
the DNA template. In addition to adduct in genomic DNA, oxaliplatin can also form adducts in nucleosomes;
(3) the inhibition of RNA polymerases, since the formed adducts are not able to enter the active site of an
enzyme as polymerase II, preventing the elongation of transcription by the enzyme!*”-2%8,

Oxaliplatin can also induce cell death by immunogenic mechanisms independent of the DNA damage
mechanism. Once inside the cells, it can induce tumor cell stress and death that trigger tumor-specific immune
responses. Thus, immunogenic cell death depends on three requirements at the cellular level, such as exposure
to calreticulin, a calcium-binding chaperone that prevents misfolded proteins from being exported by the
endoplasmic reticulum (ER). Oxaliplatin, induce a response to ER stress, which results in the exposure of
calreticulin to the cell surface. As a result, in a signal for engulfing the dying cell by dendritic cells and
macrophages***?%. On the other hand, oxaliplatin can induce the release of ATP from the apoptotic cell in the
extracellular medium, recruiting the dendritic cells to the tumor site inducing their activation. This process
leads to the release of the HMGB-1 protein from the cell nucleus during secondary necrosis. HMGB-1 protein
bind to Toll-like receptor 4 (TLR4) from dendritic cells, leading to enhanced activation and cross-presentation
by dendritic cells to the T cells of the immune system. TLR4 is an important protein that leads to activation of
the innate immune system!’%??22%_1In that sense, oxaliplatin in colorectal cancer cells causes the expression of
immunogenic signals before apoptosis and activate the innate immune system allowing the T cells to produce
interferon and interact with TLR4 protein of dendritic cells creating a tumor vaccine!’®.

On the contrary, despite cisplatin having a mechanism of action with some similarities with oxaliplatin, the

formation of bis-DNA adducts does not induce immunogenic cell death. This fact is attributed to the lack of
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calreticulin exposure on the cell surface after treatment with cisplatin. Although it induces the release of ATP
and HMGB-1. However, as radiotherapy is a potent inducer of exposure to calreticulin, and since this treatment
is frequently performed with cisplatin administration, their effectiveness can be enhanced by the mechanism
of immunogenic cell death???. Therefore, apoptosis can be caused by several cellular processes such as the
formation of DNA damage, inhibition of RNA, interruption of DNA synthesis, and triggering of
immunological reactions®*®. Nevertheless, other mechanisms of cell death are associated with oxaliplatin, such
as necrosis and autophagy. Regulated necrosis can occur in response to several factors such as DNA damage,

216 Normally, necrosis is associated with an inflammation process

binding of death receptors, among others
since the loss of the integrity of the cell membrane occurs, resulting in the release of cytosolic content such as
the HMGB-1 protein and other inflammatory molecules to the extracellular environment, which causes an
inflammatory response?!¢.

It has been shown that, depending on the cell type, oxaliplatin can activate apoptosis or necrosis?!6-224225,
Nonetheless, more information is needed to clarify the necrosis mechanism triggered by oxaliplatin, although
some studies are reported in the literature?!4224225,

Autophagy is a cellular catabolic process that occurs in the degradation of cellular components by lysosomes.
This mechanism can be initiated in response to cell stress, DNA damage, endoplasmic reticulum stress, or
hypoxia. Autophagy in tumor cells can prevent or promote cancer formation and regulate the response to
therapy, including drug-induced cell death?'¢. It has been demonstrated in different studies that the treatment
with oxaliplatin activates autophagy in cell lines and xenografts of hepatocellular carcinoma and colon cancer,
contributing to the tolerance of oxaliplatin by decreasing the generation of reactive oxygen species® 6226228,
However, a recent study has shown that oxaliplatin kills cancer cells by inducing ribosome biogenesis stress®>.
The ribosome biogenesis occurs in the nucleolus, a highly structured organelle located in the nucleus, whose
role is to synthesize proteins and produce ribosomes in cells. Thus, a disruption either of the nucleolus or
ribosome biogenesis triggers a nucleolar stress response that leads to cell death through the activation of the
tumor suppressor p532%-239,

A study by Michael Hemann et al. demonstrated that oxaliplatin induces cell death through the ribosome
biogenesis stress, where it was observed that the pre-RNA was upregulated, unlike the RNA polymerase 11
transcript that remained stable after treatment with this drug. Nevertheless, the molecular mechanism is not
yet fully understood®*!.

There are several ways to a cell becomes resistant to oxaliplatin, such as the decrease in cellular uptake and an
increase in drug efflux contribute to reducing the amount of the drug within the cell available for cytotoxic
action. An important resistance mechanism of oxaliplatin is the efflux through glutathione-mediated export,
which is interceded by the family of ABC transporters that decreases oxaliplatin within the cell. Once inside
the cell, oxaliplatin can also react with molecules containing thiol groups such as glutathione and
metallothioneins, causing it inactive. Thus, GST catalyzes the conjugation of molecules with glutathione

protecting macromolecules from cell damage. Another is the upregulation of the ATP-dependent copper

transporters (ATP7A and ATP7B), which belong to the P-type ATPases family?!°. In addition, the increased
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DNA repair by NER and the increase in the replication bypass process, and the decrease in the MMR
mechanism can also contribute to oxaliplatin resistance 208213,

The different antitumor effects to cisplatin are elucidated by the capacity of oxaliplatin to form adducts with
DNA of different conformations, thus exhibiting different cytotoxic effects, although having low reactivity
with DNA2%. Thus, the bend of DNA, thermal destabilization, unwinding, and displacement of the
conformational change induced by the oxaliplatin interstrand are greater than those observed with cisplatin;
the affinity of the HMGB protein for oxaliplatin interstrand bonds is much less than cisplatin, and the chirality
of DACH ligand affects structural properties of oxaliplatin interstrand crosslinks>*%232,

These factors determine that oxaliplatin has a different activity extent of the drug compared to cisplatin'®.
Nevertheless, the cellular activation, processing, and the ability to overcome resistance have not yet been fully

elucidated??>2152%

3.3. Issues of current platinum drugs: combination therapy

Combination therapy was first devised in 1965, where Emil Frei, James Holland, and Emil Freireich proposed
the possibility of the first-ever combined chemotherapy for acute leukemia. The proven success of combination
therapy in the treatment of acute lymphocytic leukemia in children has been formally known as the POMP
regimen (a combination of methotrexate, 6-mercaptopurine, vincristine, and prednisone)*. After that, research
in cancer therapy focused on investigating combination therapies that target different pathways to create an
additive or synergistic effect®.

Combination therapy is a therapy in which two or more drugs with different mechanisms of action are used,
where the drugs can act synergistically, additively, or antagonistically depending on the molar ratios of the
individual drugs in the combination!3%234-2%¢,

The synergistic effect is when one drug intensifies the effects of another, resulting in greater activity than the
added effect of each drug individually. Meanwhile, the additive effect results in an activity equal to the sum
of the effects of each drug. In contrast, the antagonistic effect results in an activity that is less than the sum of
individual drugs effect, although it is still beneficial 323423237 Drug interactions are generally assessed with
a median effect analysis widely applied to calculate a combination index (CI). Thus, if CI =1 the effect is
additive, CI <1 the effect is synergistic, and if the CI > 1 the effect is antagonistic**’.

The approval of drugs for combination therapy in recent years fundamentally highlights the potential of
conjugating drugs to improve the efficiency of cancer treatment™*®. It was being an appealing alternative
treatment due to its potential to overcome the resistance developed by many drugs and decrease the probability
of developing cross-resistance®’.

Following this, the selection of the combination therapy was, for decades, based on the subsequent principles,
using drugs with clinically proven activity as unique agents, without resistance, without overlapping toxicity,
with different mechanisms of action, with different target cell cycles, and able to induce anticancer synergetic

effects?’.
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Thus, a good combination will lead to a synergistic or additive therapeutic effect due to the combination of
drugs with non-overlapping mechanisms of action and toxicity, besides delaying or overcoming resistance to
multiple drugs®’. Nevertheless, despite an excellent initial efficacy that decreases over time due to acquired
resistance, the conventional method, monotherapy, is still a widespread treatment modality for treating
different types of cancer. However, it is considered less effective than synergistic or additive combination
therapy®*24. A common issue of these therapies is that they do not distinguish between healthy and cancer
cells, which causes toxic side effects and unforeseen risks. In addition, combination therapy could greatly
reduce patients’ immune systems, increasing the probability of other diseases, drug resistance, severe tumor
microenvironment that hinders drug penetration, dose-limiting toxicity, and tumor heterogeneity**%’.
Although combination therapy can also be toxic, it represents significantly less toxicity, as a reduced dose of
each drug is required to achieve the synergistic or additive effect?®.

On the other hand, monotherapy is more susceptible to drug resistance since, with the treatment cyclic, the use
of a drug causes cancer cells to recruit alternative ways to escape cell death. In contrast, combination therapy

233 However,

can reduce the incidence of resistance due to a more effective response and fewer treatment cycles
one of the concerns of using combination therapy is off-target toxicities. Nonetheless, synergistic combinations
of drugs can achieve greater selectivity than individual drugs®°. Thus, if well designed, these combinations of
drugs can allow the targeting of drugs and effective therapies with reduced toxicity, using lower single drug
concentrations with non-overlapping dose-related toxicities?**. Once one of the most significant limitations of
the drugs used in cancer treatment is a lack of specificity and, consequently toxicity, anticancer drugs are
selected based on their complementary mechanisms and non-overlapping toxic side effects®’.

In combination therapy, compared to monotherapy, determining the optimal dose of each drug is very
important®”.

Although combination therapy has shown promising results in patients with some types of cancer, in others,
the use of multidrug or drug combinations is not very effective™”.

One limitation to be considered in combination therapy is the toxicity of healthy cells and tissues, the inability
to coordinate the pharmacokinetics of drugs, and the exposure of tumors to decrease the development of
resistance to multiple drugs. In this sense, it is necessary to effectively inhibit the target?>28,

Generally, the development of new drug combinations continues to be based on the maximum tolerated dose
of each drug individually. Nevertheless, it is necessary to consider that the doses of the drugs used in the
combined therapy for the system to be effective may not be equivalent to the maximum tolerated dose of each
one and not the doses empirically recommended in clinical trials. Therefore, the molar proportions of drugs in
combination therapy play a fundamental role in increasing the effectiveness of the therapy?®.

After administration, it is very difficult to coordinate drug pharmacokinetics simultaneously due to the
difference in clearance, tissue uptake, and metabolism?®*. In addition, many drug combinations need
simultaneous exposure to have an effective antitumor activity, where the mechanisms of action are interrelated.

The concentration of each drug, or rather, the molar proportion of the drugs exposed to the cancer cell, is an

important factor”*>?’. The pharmacokinetic differences of the drugs in combination mean that higher doses of
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the drugs are used to obtain a simultaneous and prolonged efficacy against the tumor. Such high doses to
patients result in unnecessary toxicity that can compromise combination therapy?°.

Alternatively, combination therapy can be ineffective when the exposure of one drug to the tumor cells falls
below the therapeutic concentration limit. This situation could happen due to the difficulty of controlling the
proportions of the drugs in vivo when the pharmacokinetics of the drug combination is uncoordinated, causing
the tumor cells to trigger a survival signaling pathway inducing resistance?>.

Hence, the success of clinically tested combination therapy presents a lack of efficacy because of the difficulty
of the drugs reaching the desired spatiotemporal distribution when delivered in free form. Since drugs must be
delivered to the right place at the right time, the differences in their pharmacokinetic and physicochemical
properties prevent this from happening, producing intolerable toxicities, and acquired drug resistance*’->%,
The selection of drugs to be used in combination therapy must be based on their selective and synergistic
activity and not based on the success of a single drug.

The undesirable effects also present in combination therapy led to the introduction of new strategies, such as
the use of nanoparticles to deliver combinations of drugs to increase the drug exposure since they assume the
pharmacokinetic characteristics of the carrier. In addition to that, the cellular uptake of the carrier influences
the biodistribution of drugs, providing greater access to tumor tissues. Thus, a coordinated pharmacokinetic
behavior can allow a targeted delivery with a synergistic proportion of drugs in tumor cells and tissues to
decrease the toxic effects during the treatment and improve the sustained release of the drugs®***®,
Particularly, nanocarriers are suitable for controlling the proportions of drugs during the administration
process, which is not achieved with the administration of free drugs due to their uncoordinated biodistribution,
metabolism, and elimination”®. Thus, the nanocarrier can synchronize the drugs’ local availability,
biodistribution, and accumulation in the tumor tissue due to the ERP effect®’. In fact, the premature release of
drugs into the blood circulation must be avoided once it can reduce the efficiency and increase toxicity in
normal cells and tissues due to synergistic toxicity and interfere with their elimination®’. It follows that the
use of nanocarriers is an effective way to improve the effectiveness of cancer treatment since the complexity
of cancer requires alternative therapies, such as the use of combination therapy using new nanocarriers*.
Besides this, due to synergistic effects, combination therapy has been very appealing due to the increased
effectiveness against cancer, reduced toxicity, and resistance to multiple drugs due to cyclical treatments®®.
Accordingly, the key points of combination therapy consist of reducing the therapeutic dose and adverse effects
and simultaneously increasing the effectiveness of the treatment®*. Therefore, the amalgamation of the
advantages of combined therapy with the nanocarrier approach is expected to provide a more efficient and safe
multipotential system?*’**°_ In this sense, the use of drug delivery systems has been promising in this type of
therapy®*.

In this way, advanced drug carriers may allow synergistic combinations of drugs in the preclinical setting to
be translated more predictably clinically. Although, in most cases, it can be directed towards preferential

uptake in tissues and tumor cells instead of healthy cells?.
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Thus, there are several ways to deliver multiple drugs. For a combination of two drugs, one drug can be
delivered freely while the other by using a nanocarrier (“Free drug + Nanocarrier”); both drugs can be
administered by separate nanocarriers ( “Nanocarrier + Nanocarrier”), or both drugs are co-encapsulated in the
same nanocarrier?’.

Usually, the first two forms of administration are delivered sequentially. In contrast, in the form of co-
encapsulation, the delivery is simultaneous, which allows a controlled temporal and spatial distribution of the
various drugs, increasing the concentration of drugs within the cell and coordinating drugs synergy against
tumor cells®*’. The "Free Drug + Nanocarrier" form is the closest to the current practice in the use of
nanoparticle formulations for cancer treatment. However, the "Nanocarrier + Nanocarrier" form can offer more
flexibility in dosage and formulation than co-encapsulation, and the latter can be more effective in coordinating
drug actions at the cellular level®’. Obviously, there are advantages and disadvantages for each of these
delivery forms, and they must be selected according to each specific situation?’.

Platinum drugs approved for clinical use are rarely administered on monotherapy. They are generally used in
combination therapy to obtain a synergistic effect through different mechanisms of action, allowing a reduction
of the dose for each drug!'®.

Some examples of combination therapies with cisplatin are the conjugation of cisplatin and doxorubicin that

)180,241

is effective in diffuse malignant pleural mesothelioma (DMPM , cisplatin combined with Anvirzel™ (a

Nerium oleander extract composed mainly by oleandrin and oleandrigenin®*?) for breast cancer cell lines,

prostate, colon, pancreatic, lung, and melanoma cancer!®"*#

, and cisplatin, oxaliplatin, quercetin, and
thymoquinone for human ovarian cancer'®?*. Oxaliplatin has also been used in clinical in combination
therapy. Some examples are oxaliplatin combined with 5-FU (5-fluoro-2,4-pyrimidinedione/ 5-fluorouracil)
and folinic acid as a first and second-line treatment for advanced colorectal cancer as FOLFOX (FOLinic acid-
Fluorouracil - OXaliplatin) chemotherapy regimen; a combination of docetaxel, oxaliplatin, and 5-FU (DOF)
for the treatment of metastatic or unresectable gastric or gastroesophageal junction (GEJ) adenocarcinoma,
oxaliplatin, 5-FU, and leucovorin as adjuvant treatment for colon cancer and bevacizumab in combination with
oxaliplatin as first-line in the treatment of metastatic colorectal cancer?+-243,

In this sense, 5-FU is one of the drugs used in combination therapy with other drugs such as cisplatin and
oxaliplatin because it has a different mechanism of action. 5-FU is an important anticancer drug with a broad
antitumor activity, often used in combination with other drugs to treat different types of cancer, particularly
colorectal cancer, due to its synergism effect. It belongs to the group of fluoropyrimidines, antimetabolite
drugs. Antimetabolite drugs are responsible for inhibiting essential biosynthetic processes or for being
incorporated into DNA and RNA, inhibiting their normal function?*2*°. The development of 5-FU was
reported by Charles Heidelberger et al. in 1957°°!. However, several important findings have been previously
described. In 1954, Robert Rutman ef al.?*? observed that uracil pyrimidine (one of the four bases found in
RNA) had been integrated into rat hepatomas more quickly than normal tissues, indicating that uracil

metabolism was a potential target for antimetabolic chemotherapy. Later, in 1956 R. E. Handschumacher et

al.*? reported the tumor inhibitory activity by 6-azauracil®**>*°. The 5-FU mechanism of action is through the
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incorrect incorporation of the metabolites into DNA and RNA and inhibiting the thymidylate synthase (TS)
enzyme **°. Despite being used to treat different types of cancer, 5-FU has been mainly used to treat advanced
colorectal cancer and early-stage, due to its therapeutic effectiveness against this cancer. The first-line
treatment for advanced colorectal cancer based on chemotherapy with 5-FU as a single agent is only 10 to
15%. Therefore, in the past 20 years, new approaches have been developed to increase the anticancer activity
of 5-FU, overcoming its clinical resistance. For instance, combining other drugs with 5-FU increases the
response rates for the same type of cancer to 40-50%. However, despite these significant improvements in
treatment, new therapeutic strategies are needed>*.

5-FU, an analog of uracil with a fluorine atom on its structure is administered to patients through intravenous
infusion?*>?**. More than 80-85% of the 5-FU administered is catabolized into inactive metabolites by the
enzyme dihydropyrimidine dehydrogenase (DPD), being only about 1 to 3% responsible for the anticancer
effects through an anabolic pathway?*>2°*234_5-FU enters the cell via facilitated transport, such as uracil, which
is first converted into three active metabolites as fluorodeoxyuridine monophosphate (FAUMP), fluorouridine
triphosphate (FUTP), and fluorodeoxyuridine triphosphate (FAUTP). These metabolites, as mentioned earlier,
are integrated into DNA as the FAUTP and FAUMP metabolites. The FAUTP causes DNA damage and FAUMP
the DNA synthesis, because inhibit the TS enzyme due to the formation of a ternary complex with the TS and
5,10-methylenetetrahydrofolate (CH,-THF or MTHF), and the FUTP metabolite is integrated into RNA,
causing changes in its function and processing?**>>%2%4,

The 5-FU main mechanism of action is the conversion of fluorouridine monophosphate (FUMP) directly by
the orotate phosphoribosyltransferase (OPRT), or indirectly by fluorouridine (FUR) using the enzymes uridine
phosphorylase (UrdPase) and uridine kinase (UK)***2%°.

Another alternative route of action is the conversion of 5-FU into fluorodeoxyuridine (FUDR) through the
catalysis of thymidine phosphorylase (dThdPase), and then into FAUMP through the phosphorylation of FUDR
by the thymidine kinase (TK) enzyme**?>°. However, this conversion causes adverse effects such as
gastrointestinal toxicity and myelotoxicity?*,

On the other hand, the DPD enzyme, through the catabolism pathway, converts 5-FU into dihydrofluorouracil
(DHFU), giving rise to alpha-fluoro-B-alanine (FBAL) and alpha-fluoro-B-ureidopropionic acid
metabolites?*2*°. The DPD is usually found in the intestinal mucosa, liver and also in other tissues. This is a
rate-limiting process of catabolism of 5-FU in cancer and normal cells. Where DPD breaks down up to 80%
of administered 5-FU in the liver**2*° cancer patients with a deficiency in the DPD enzyme have a greater
risk of severe toxicity consisting of mucositis, diarrhea, neurotoxicity, and may even lead to death®°. In terms
of 5-FU clearance, approximately 60-90% of the drug administered is excreted in the urine in 24 h in the form
of FBAL**. Nevertheless, FBAL is responsible for observed adverse effects during chemotherapy, such as
neurotoxicity and cardiotoxicity in several patients. Additionally, FBAL is also considered to be the leading
cause of hand-foot syndrome (HSF) acquired by cancer patients during the 5-FU treatment process>>°.

As stated before, FAUMP metabolite forms a ternary complex inhibiting the TS enzyme responsible for
converting deoxyuridine monophosphate (dUMP) into deoxythymidine monophosphate (dTMP) by a
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reductive methylation reaction using the methyl donor CH,-THF. This reaction provides the only source of
thymidylate, which is necessary for DNA replication and repair®**2*°. The TS protein operates as a dimer,
where the subunits contain a nucleotide-binding site, where the active metabolite FAUMP binds, and a CH»-
THF binding site, forming a stable ternary complex. In turn, this complex prevents the dUMP from accessing
the TS nucleotide-binding site by competing with the FAUMP, which inhibits the synthesis of dTMP, resulting
in a deoxynucleotide (ANTP) pool imbalances and an increase in the levels of deoxyuridine triphosphate
(dUTP), which causes DNA damage***>*°. However, the repair of uracil and DNA with 5-FU by the UDG
(uracil-DNA glycosylase) nucleotide excision repair enzyme is useless due to the high ratios of FAUTP/FATTP,
resulting only in the false incorporation of nucleotides, which causes DNA strand breaks and consequently cell
death*”. Nevertheless, the extent of DNA damage caused by dUTP depends on the levels of pyrophosphatase
dUTPase that limits the intracellular accumulation of dUTP and UDG?#. On the other hand, thymidylate can
be recovered from thymidine using the TK enzyme, decreasing the effects of TS deficiency, where this rescue
pathway represents a potential mechanism of 5-FU resistance?*-**°. Even so, therapy with 5-fluorouracil can
be improved with the specific accumulation of this drug in tumor tissues, decreasing its toxicity.

Thus, drug delivery systems are a promising strategy for the delivery of 5-FU, as it allows specific targeting
for cancer cells and improves its pharmacokinetic profile, as a short half-life and non-uniform oral absorption.
This occurs due to the 5-FU metabolism by the enzyme dihydropyrimidine dehydrogenase. In this sense, the

use of delivery systems are an appealing approach to decreased the side effects of anticancer drugs®”.

3.4. Platinum metallodrugs delivery systems under clinical studies and/or commercially
available

Currently, more than 99% of approved clinical drugs are organic compounds. Although the percentage of drugs
containing metals, metallodrugs, is very low*®. Metallodrugs are compounds that have metal ions in their
Structurelé4‘256'257.

Regarding cancer therapy, platinum coordination compounds are considered crucial anticancer agents against
various types of cancer, with a clinically proven efficiency?®. Among which cisplatin and oxaliplatin are
commercially available drugs, is broadly used to treat diverse types of cancer, either individually or combined
with other drugs, as mentioned earlier’>®. However, as these platinum compounds used alone have adverse
effects that are harmful to health, new metallodrugs delivery systems using these platinum complexes are being
developed to improve the therapeutic effects and tested clinically®®.

Some examples of metallodrugs delivery systems that are in clinical trials will be discussed below.

The NC-4016 was developed by Professor Kazunori Kataoka of the University of Tokyo and is currently
licensed by NanoCarrier (Japan) to improve antitumor effects and decrease oxaliplatin peripheral

238 The NC-4016 micelle formulation is driven by the polymer-metal complexation between the Pt

neuropathy
(I) groups of DACHPt and the carboxylic acid of the polyethylene glycol-poly (glutamic acid) block

copolymer, PEG-b-P(Glu). The molar ratio of [DACHPt]/[Glu] is 0.75. The NC-4016 has a hydrodynamic
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diameter of 40 nm and a narrow size distribution”®. DACHPt is the active metabolite of oxaliplatin,
hydrophobic, and toxic when administered systemically. Therefore, the use of polymeric micelles can increase
cell permeability and improve the retention of these anticancer drugs, allowing a prolonged half-life in the
blood circulation and a selective accumulation of platinum at the tumor sites?*®. DACHPt is released from the
NC-4016 complex accompanied by the dissociation of the micelles, depending on the pH and concentration of
chloride ions, with the replacement of Pt(Il) in the center of the micelle by chlorine ions. Thus, with increasing
acidity, DACHPt is selectively released in cancer cells during subcellular traffic. After intravenous
administration and internalization by cancer cells, DACHPt binds to DNA through inter and intrastrand
crosslinks, forming adducts that consequently trigger the cell death mechanism??®.

Preclinical data demonstrated that NC-4016 has high stability, which is attributed to the hydrophobicity of
DACHPt and a significantly improved PK profile compared to oxaliplatin alone, which results in superior
antitumor effects and reduced peripheral neuropathy. The significant inhibition of tumor growth provided by
NC-4016 over the free drug was attributed to the high and prolonged accumulation of platinum in the tumors®8,
Accordingly, the reduced peripheral neuropathy observed is due to the high stability of the micelles and the
reduction of platinum exposure to normal tissue. Thus, the combination of the improved safety profile and
antitumor efficacy served as the basis for the clinical development of this formulation®*®. A phase I clinical
trial (NCT03168035) developed in the USA using the NC-4016 to determine the highest tolerated dose that
can be administered to patients with advanced solid tumors or lymphoma and its pharmacokinetics was
concluded in 2017. However, the results had not been publicly disclosed*®.

NC-6004, micellar nanoparticle-encapsulated cisplatin, consists of a polymer-metal complex with block
copolymers of hydrophilic polyethylene glycol and poly (glutamic acid) attached to the inner core of the
micelle consisting of the hydrophobic polyaminoacid polymer. Cisplatin is thus complexed in the P(Glu) block
(poly(glutamic acid)) with a molar ratio of [cisplatin]/[Glu] of 0.71. Thus, the micelles form spontaneously
between Pt(IT) and carboxylic acid groups in the P(Glu) block®*®. This formulation was developed by Kataoka
group at the University of Tokyo, reported in 2003, and later licensed to NanoCarrier (Japan). In 2008
NanoCarrier licensed NC-6004 to Orient Europharma (Taiwan)*®. Compared to other block copolymer-drug
aggregates, this formulation showed high stability and provided sustained release of cisplatin for more than
150 h in physiological saline. When incubated in saline solution at 37°C, the micelle system NC-6004 has a
diameter of 28 nm, keeping an approximate diameter of 25 nm up to 50 h**®. In 2011, an NC-6004 phase I
clinical trial tested on 17 patients with advanced solitary tumors was completed. This study was consistent
with preclinical observations where toxicities such as neurotoxicity, nephrotoxicity, and cytotoxicity were less

238 Despite this, unpredictable

frequent and less severe in patients treated with this drug than cisplatin alone
hypersensitivity reactions have been observed. Although they are not fully understood, it is suggested that the
rapid binding of plasma protein to cisplatin and the subsequent prolonged circulation time of protein-bound
cisplatin may be an underlying mechanism for sensitivity reactions®®. In this sense, the maximum tolerated
dose (MTD) has not been identified due to serious and unexpected hypersensitivity reactions. But 120 mg/m?

was considered as the proximate dose of MTD and the recommended dose of 90 mg/m? >**. Another phase I/II
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study was conducted to assess the combination of NC-6004 with gemcitabine (GEM) in patients with
pancreatic cancer. Patients were pre-medicated with oral steroids before the administration of NC-6004, and
no hypersensitivity reactions were reported. The treatment of NC-6004 combined with GEM was relatively

28 Other clinical trials were

well tolerated, despite showing only modest efficacy in this group of patients
conducted using this NanoCarrier formulation, including a phase I study for various types of cancer, such as
head and neck cancer (NCT02817113) and a phase III study in pancreatic cancer (NCT02043288) in USA and
Asia, respectively?®2%°. Nevertheless, no results were available regarding to these studies.

SPI-77 is a metallodrug that completed phase II of clinical trials to treat patients with ovarian cancer
(NCT00004083). SPI-77 is a liposomal formulation pegylated with cisplatin, developed to reduce systemic

261,262 This study aimed to evaluate the response

toxicity and increase the availability of cisplatin in cancer cells
rates and safety of SPI-77 in patients with recurrent epithelial ovarian cancer. More properly determine the
objective response rate in patients with platinum-sensitive ovarian cancer treated with SPI-77. As well as
determining the time and the duration of the response, the progression time, survival index and characterizing
the safety of this regimen in patients?®!. Phase I studies of clinical trials began in 1995 with doses between 40-
420 mg/m?, where side effects included nausea, vomiting, mild anemia, and muscle weakness in doses above
320 mg/m? and an infusion-related reaction. They observed that serum cholesterol levels in patients increased
with higher doses of SPI-77, probably related to the number of lipids administered. This safety profile has been

confirmed in phase IT studies®®*

. The phase II study consisted of enrolling patients with recurrent ovarian cancer
with a progression-free interval of more than 6 months after the last platinum-based chemotherapy. This study
was initiated to test the hypothesis that SPI-77 would be active in a disease selected for sensitivity to platinum
261

drugs™". However, the results of this study were inconclusive despite providing important information for the

development of similar platinum liposomal agents®®'.

BTP-114, is an albumin-binding cisplatin prodrug, currently in phase I of clinical trials to treat patients with
advanced solid tumors and BRCA or another mutation in DNA repair (NCT02950064). This clinical study
consists of the dose-escalation part 1 and the expansion part 2. Furthermore, it aims to assess the safety,
pharmacokinetics, and anticancer activity of BTP-114%%3. This complex is composed of cisplatin and a
maleimide fraction, which can bind strongly and selectively to human serum albumin with a potential for

264 Intravenous treatment of BTP-114 for part 1 consists of 21-day cycles. Where doses will

anticancer activity
be increased in sequential cohorts until the maximum tolerated dose is determined, which will lead to the
recommended dose for phase 11?5, For part 2, 5 patient cohorts will be treated at the RP2D (highest dose with
acceptable toxicity) of BTP-114 in 21 day cycles for pancreatic cancer, ovarian cancer, castration-resistant
prostate cancer, triple-negative breast cancer, and deoxyribonucleic acid (DNA) repair mutation-positive
advanced solid tumors®®. After intravenous administration, the maleimide group of BTP-114 rapidly
conjugates with HSA in the bloodstream, prolonging blood circulation, improving half-life, and altering the
biodistribution of BTP-114 compared to free cisplatin®**. BTP-114 demonstrated greater accumulation in

tumor tissue, thereby increasing its effectiveness and reducing systemic toxicities. This study is active?*>264,
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BBR 3464 is a new trinuclear platinum compound that exhibited antitumor activity on sensitive and resistant
models to cisplatin and the p53 (a tumor suppressor gene) mutant tumor models?®®. Phase I/II of clinical trials
consisted of the treatment of patients with small cell metastatic lung cancer who have not responded to previous
treatment (NCT00014547)2%. The purpose of this study was to determine the efficiency of BBR 3464 in terms
of response rate to patients with sensitive or refractory metastatic cell lung cancer. Duration of the response
and time for progression in patients treated with this drug, including the survival, incidence and the severity of
the toxic effects, and the pharmacokinetics of this drug in patients involved, were also evaluated. Two routes
were explored in phase I of the clinical trials, an intermittent schedule (day 1 every 21 days), and a continuous
schedule (daily x 5). The dose-limiting toxicities in both schedules included diarrhea and neutropenia®®’. A
subsequent study was started, analyzing two levels of doses, 0.9 and 1.1 mg/m?, administered every 21 days?®.
From the obtained results, the 0.9 mg/m? dose every 21 days was recommended for phase II tests, due to a
greater proportion of patients at 1.1 mg/m? requiring a dose reduction or delay?®. It was concluded that the
toxicity profile of BBR 3464 in this phase II is consistent with phase I since patients with lung cancer patients
in phase II clinical trials did not show a significant response to BBR 3464. However, due to side effects
associated with toxicity such as diarrhea and neutropenia, the clinical development of this drug as a unique
agent of this disease was stopped'**?%. Another phase II study of BBR 3464 consists of treating patients with
gastric or gastroesophageal adenocarcinoma®®’. The study objectives were to determine the efficacy and
toxicity of BBR 3464 when administered as a first and second-line treatment for advanced disease in patients
with gastric and gastroesophageal adenocarcinoma. In this sense, two studies were conducted, one as a first-
line study and another as a second-line treatment for metastatic or locally advanced disease*®’. Thus, 19 first-

267 However, due to the low

line patients received 74 infusions and 26 second-line patients had 53 infusions
antitumor response and the toxicities found during treatment, the use of BBR 3464 for this type of cancer was
not recommended®®’.

ProLindac, DACH polymer platinate AP5346, is a DACH platinum prodrug that has concluded the phase II
clinical for treating ovarian cancer’®. This drug delivery system consists of DACHPt coupled to a
biocompatible water-soluble hydroxypropylmethacrylamide copolymer (HPMA) via a pH-sensitive linker®®.
The phase I study aimed to establish a recommended dose for the phase II clinical trials. In addition, to
determine the qualitative and quantitative toxic effects and to study the duration, predictability, intensity, onset,

268 This study included 26 patients who

reversibility, and the dose-effect relationship of the toxic side effects
received a total of 104 infusions of ProLindac at doses ranging from 40 mg Pt/m? to 1280 mg Pt/m* **®. The
PK results obtained indicated that the objective of the specific design of this drug was achieved since its
function was to remain inactive in the plasma and to be activated only after entering the environment with low

128, Dose-limiting neutropenia was found at

pH of the extracellular fluid of the tumor or inside the cancer cel
the highest dose. However, there was a single episode of neutropenia at another dose level but with grade 1.
The main adverse effects were nausea, vomiting, renal toxicity, and possible hypersensitivity reactions?®®. This
phase I study demonstrated that high doses could be safely administered to patients when treated with

268

antiemetics and hydration**®. However, the results also demonstrated that frequent administration of ProLindac
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was not appropriate due to the long terminal half-life of platinum observed in patients. In this sense, the dose
administered in the phase II study was revised every two or three weeks. The phase II study was designed to
include a dose-varying phase, with doses based on the recommended dose intensity in phase I®®. The objectives
of the phase II study consisted of assessing the antitumor activity of ProLindac as a unique agent in
chemotherapy in patients with advanced ovarian cancer previously pretreated with organoplatin, taxane, and
anthracycline for 6 months or more without platinum and free of progression®®®. Treatment-related adverse
effects included gastrointestinal, nervous system disorders, metabolism, and nutrition. Other effects such as
nausea, vomiting, and paresthesia occurred in less than 5 patients. The frequency and severity of these effects
corresponded to the expected toxic effects known from platinum-based treatments. No cases of acute
neurotoxicity were observed, although some patients had some chronic neurotoxicity due to platinum
accumulation®®. This study concluded that ProLindac in patients with recurrent cancer has been demonstrated
to be efficient and safe. The results were similar to those reported for oxaliplatin but in a patient population
that was more heavily pretreated®®. The next phase of clinical development of this drug will probably be to
evaluate combinations with other drugs such as gemcitabine or paclitaxel for gynecological cancers and even
the replacement of oxaliplatin in FOLFOX, a combination of chemotherapy drugs (Folic acid, 5-FU and
Oxaliplatin) used in the treatment of colorectal cancer*®.

Another system consists of Dendrimer-Oxaliplatin, which, in a preclinical study developed by Starpharma,
demonstrated better anticancer efficacy and less toxicity than oxaliplatin in a model of colon cancer
(xenograft)?’°. They observed that the dendrimer-enhanced oxaliplatin nanoparticles substantially reduced
neutropenia, an effect of dose-limiting toxicity?”®. This system is being developed as part of Starpharma's
internal drug delivery program. The positive results are the subject of a new patent application in addition to
the commercial potential*”®. In this sense, Starpharma intends to move forward with dendrimer-enhanced
oxaliplatin formulations, where further studies are underway to explore further the positive impact on bone
marrow toxicity and the potential to reduce other clinically important toxicities. This dendrimer-enhanced
oxaliplatin formulation is protected by a portfolio of registered and granted patents®’°. Due to impressive
results, the company intends to promote the development of oxaliplatin derivatives enhanced with

dendrimers?’°.

4. NMR for platinum drugs

Nuclear Magnetic Resonance (NMR) spectroscopy was discovered in 1945 by Felix Bloch and Edward
Purcell?’'?73. At the end of the Second World War, Felix Bloch, seeing the success of the molecular beam
magnetic resonance experiments of Isidor Rabi et al., thought as a theory the possibility of measure the
magnetic resonance of nuclei in condensed matter. Bloch made several estimates for the 'H signal, but it was
only in the fall of 1945 when he returned from service during WWII for Stanford, where he worked on radar
scattering and magneton theory who started the experimental work. Later, on Christmas of that year, they

found the resonance and that the relaxation of thermal equilibrium T1 was only a few seconds or even less,
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contrary to what they thought. After the first successful experience, Felix Bloch received the news that the
same discovery related to his work was made by Edward Purcell and his colleagues H. C. Torrey and R. V.
Pound at Harvard?”2. The discoveries of both Bloch and Purcell were announced in 1946 in the same issue of
the Physical Review. In 1952, Felix Bloch and Edward Purcell received the Nobel Prize for Physics. Where
Edward Purcell, in his lecture, described all the basic quantities and processes that control NMR spectra, being
the same: "the influence of molecular motion; magnetic dipolar splitting in solids; the influence of electric
quadrupole moments; chemical shift; indirect spin—spin coupling and aspects of a general theory of nuclear
magnetic relaxation"*".

NMR spectroscopy is based on the study of a variety of nuclei that have different spin states, which consists
of the rotation of the nucleus around its own axis. As the nuclei are electrically charged, the application of an
external magnetic field generates two different spin states, one of low energy-oriented with the applied field
and the other of high energy with magnetic moment opposite to the applied field, thus occurring a transfer of
energy from the lowest level to the highest energy level. For the excitation of the nuclei from the lower energy
level to the higher one is applied a short and intense burst of radiofrequency radiation?’*?”>. Although the spin
states are almost equally populated, the small excess of spins that assume the low energy state is responsible
for resonance. Nuclear magnetic resonance is achieved when the nuclei oriented with an applied magnetic field
are induced to absorb energy and change the spin orientation in relation to the field. A signal named free
induction decay (FID) is obtained when the nucleus relaxes to the ground state. This signal, detected as a
function of time, is then converted by the Fourier transform, obtaining a frequency spectrum of the nucleus
under study?’*27¢.

Since then, the applications of NMR have been continually expanded, as it is a versatile and powerful tool for
the elucidation of structures of organic and organometallic compounds, degree of functionalization, as well as
in the structural and dynamic determination of macromolecules in biology and recently in metabolite profiles
in the area of metabolomics and also to medicine*”**"*?7¢_Tts selective detection of elements and the sensitivity
of nuclear spin properties to inter and intramolecular environments make this technique a crucial choice for
fast structural characterization®”.

In medicine, more specifically in the pharmaceutical industry, NMR was used as an analytical tool to validate
and identify synthesized compounds. However, in recent years, NMR has played an essential role in
discovering and designing drugs, including platinum drugs, which are among the most used drugs in cancer
treatment®’S.

The development of platinum drugs with reduced toxic side effects and with a broader spectrum of activity to
overcome cisplatin resistance has been a significant focus on the search for anticancer agents, making NMR
methods very useful in their investigation?”’7®.

The Pt and "’N-NMR nuclei as well as the 2D ['H, "'N] NMR have contributed to the study of the molecular
mechanism of action involving reactions with DNA and proteins, thermodynamic stability, and the kinetics of
dynamic processes, including linker exchange rates, beyond the structures of molecules?’”-?’8. Although the

5Pt nucleus is reasonably sensitive for NMR detection, with a natural abundance of 33.8%, its detection limit
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(5-10mM) prevents observing *Pt signals of natural abundance in physiological fluids. Nevertheless, its very
large chemical shift range (> 15,000 ppm), is an appealing characteristic that allows differentiating between Pt
(I) and Pt (IV), which tend to have chemical shifts at the high and low-field ends of the range,
respectively?’”-2"8,

Besides, it is important to note that NMR does not always give us detailed information on all reactions, but it
has contributed to the understanding of the molecular mechanisms of action of platinum complexes by
providing information about their behavior in biological systems®’®. Indeed, the use of the NMR metabolic

approach for study the biological systems with metal complexes has been shown to be a useful tool both in the

molecular mechanism of action of the drug and in the evaluation of the tumor response to metal complexes®”.

5. Goals of the thesis

The complexity and severity of the cancer disease demand alternative compounds that allow us to overcome
the problems presented by commercially available drugs, such as toxicity and acquired resistance. This
motivated us to investigate systems that allow maintaining the metallodrugs already used in the therapy,
potentially effective but significantly reducing its side effects.

In detail, this Ph.D. work-plan aimed to develop a new family of metallodendrimers based on anionic PAMAM
dendrimers (carboxylate terminated half-generations 0.5-3.5) functionalized on their surface with platinum
drugs (cisplatin Pt(I) or DACHPt(II)), evaluate their potential in vitro as effective drugs delivery platform
against different types of cancers, as human ovarian cancer cell lines (A2780 and A2780CisR), human breast
cancer cell line (MCF-7), human epithelial colorectal adenocarcinoma cell line (CACO-2) and normal human
fibroblast cell line (BJ). Subsequently, study its biocompatibility toward the human blood cells and the DNA
binding. The best metallodendrimers were encapsulated with the drug 5-FU and test against two cancer cell
lines (A2780CisR and CACO-2).

In another way, but with the same purpose, PAMAM dendrimers were used in the treatment of cancer (in
vitro), with increased fluorescence of amine-terminated PAMAM dendrimer (generations 3, 4, and 5)
decreasing at the same time its toxicity to be used as drug delivery systems and as bioimaging agents. The
fluorescence properties of Ammonium persulfate (APS)-treated PAMAM dendrimers were evaluated against
a set of cancer cells as well their hematoxicity and cytotoxicity. DOX was then encapsulated in APS-treated
PAMAM G4 to study their capability of delivering the drug without losing their fluorescence.

Our purpose with the use of these family of PAMAM dendrimers as a delivery drugs platform is to increase
the tumor accumulation of the drug, minimizing the exposure in the normal tissues, and for the
metallodendrimers family obtaining a more effective DNA platination and an improved and less-repairable
DNA damage by increasing the number of platinum complexes with fewer side effects. For the APS-treated
PAMAM dendrimers, the purpose is to increase its fluorescence and use them as an anticancer drug delivery
system.

The four main questions to be addressed with this Ph.D. are the following:
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2)

3)

4)

Can low generations of anionic PAMAM dendrimers surface modified with platinum drugs improve
the therapeutic efficacy of the standard metallodrugs?

Can APS-treated PAMAM dendrimers be less toxic and deliver the anticancer drug simultaneously
without losing its fluorescence?

Can the simultaneous co-administration of the prepared metallodendrimers with other standard drugs
result in a synergetic effect?

How could NMR techniques be useful in the characterization of the synthesized metallodendrimers?






Cisplatin-based metallodendrimers as
anticancer drugs



Chapter IT — Cisplatin-based metallodendrimers as anticancer drugs

1. Introduction

Cisplatin was approved by FDA at the end of 1978 for clinical use and remains today in the frontline for cancer
treatment'%. Nonetheless, the limitations of cisplatin have led to the development of new platinum compounds,
intending to decrease the adverse effects and maximize their effectiveness!** 134174184280 One way to overcome
these drawbacks is to use nanodelivery platforms, such as dendrimers to deliver the drug to the target site*22>76,
Different groups published studies using PAMAM dendrimers with higher generations. For instance, Gordon
Kirkpatrick er al®* showed the functionalization of high generations (3.5-6.5) of the anionic PAMAM
dendrimers with cisplatin in a bidentate form. Navid Malik et al.'*® described the conjugation of cisplatin to
the G3.5 anionic PAMAM dendrimer. Ismaeil Haririan et al.?®! reported the conjugation of cisplatin with
PAMAM dendrimers of generations 1 and 2, and Ngoc Tran et al.?®? the conjugation of cisplatin with the G2.5
and G3 of PAMAM dendrimers. Hitesh Kulhari ez al.?®* also used the G3.5 and G4.5 of PAMAM dendrimers
with different cores to conjugate cisplatin. Other studies have also reported the conjugation of cisplatin with
PAMAM dendrimers but using the amine-terminated PAMAM dendrimers?$42%3,

In this context, our strategy uses anionic PAMAM dendrimers as nanocarriers for cisplatin, where two forms
of conjugation were studied. Thus, different generations of the anionic PAMAM dendrimers (G0.5-G3.5) were
functionalized with cisplatin in mono and/or bidentate forms to determine which conjugation of cisplatin is
more effective as an anticancer drug. After complete characterization, the cisplatin-metallodendrimers were
tested in vitro with several cancer cell lines, and the hematoxicity in human blood and DNA binding were also
assessed. Moreover, 5-FU was encapsulated within the cisplatin-metallodendrimers for those that showed
better efficacy against cancer cells. The anticancer potential of these combination drugs was then evaluated in
vitro using two cancer cell lines, the A2780CisR and CACO-2. To the best of our knowledge, this is the first
study that compares different conjugation forms of cisplatin using several half-generations of PAMAM
dendrimers and the effect of the 5-FU drug, a combination drug in both conjugation forms of cisplatin.
Additionally, as far as we are aware, we prepared the first anionic PAMAM dendrimers conjugated to cisplatin

in a monodentate form using low generations from 0.5-2.5 and in the bidentate form until generation 1.5.

2. Materials and Methods

2.1. General

Except for the anionic PAMAM dendrimers generations 0.5-3.5, all the other chemicals were used as received.
Anionic PAMAM dendrimers GO0.5 (19.19 w/w % in methanol), G1.5 (20.03 w/w % in methanol), G2.5 (9.98%
w/w in methanol) or G2.5 (3.43 w/w % in water), and G3.5 (10.04 w/w % in methanol) with an
ethylenediamine core were acquired from Dendritech® Inc. and purified by dialysis before use to eliminate
further impurities. Cis-diaminedichloroplatinum (II) (cisplatin 99.99%) was obtained from Acros Organics. 5-
Fluoro-1H-pyrimidine-2,4-dione (5-fluorouracil, 99%) from TCI Chemicals. Deoxyribonucleic acid sodium

salt from the calf thymus (CT-DNA) and 4’6-diamino-2-phenyindole dilactate (DAPI) were purchased from
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Sigma-Aldrich. Dialysis membranes (MW 100-500 Da, 1000 Da, 2000 Da, 3500 Da, 6000-8000 Da) were
bought from SpectrumLabs. The other reagents were acquired from Acros Organics and Fisher Scientific. The
ultrapure water (UPW) was obtained with a Milli-Q Direct 8 Water Purification System with a resistivity
higher than 18.2 MQ-cm. All the media, solutions, and reagents used for cell culture manipulation were
purchased from Life Technologies (Thermo Fischer Scientific) unless otherwise stated. The healthy human
blood was supplied by Hospital Dr. Nélio Mendonga (SESARAM), Funchal under the collaboration between
the University of Madeira/Centro de Quimica da Madeira and the SESARAM hematology service.

2.2. Synthesis

The methodology used to prepare the metallodendrimers with cisplatin was based on the procedure described
by Gordon Kirkpatrick ez al. °>, Hoang Nguyen ez al.** and Ngoc Tran et al.”®? Two different approaches were
implemented to conjugate cisplatin to the anionic PAMAM dendrimers. In the first approach, cisplatin was
directly conjugated to the anionic PAMAM dendrimer in a monodentate form. In the second approach, silver
nitrate was used to remove both chloride groups from the cisplatin structure before the addition of the anionic

PAMAM dendrimer allowing the bidentate form conjugation.

2.2.1. Preparation of Cisplatin Metallodendrimers in a monodentate form

2.2.1.1. PAMAM dendrimer Generation 0.5 - G0.5(COOPt(NH3)2Cl)s

Cisplatin (0.12 g, 0.41 mmol; 8.5 equivalent (eq.) mol) was dispersed in 48 mL of UPW. Then, 0.06 g of
G0.5COONa PAMAM (0.05 mmol) was dissolved in 3 mL of UPW and added to the mixture. The solution
was left for 24 h at 18°C in the dark under nitrogen atmosphere with constant mild stirring (Scheme 1). After
a period of time, it was observed a change in the solution, the cisplatin suspension disappears, obtaining a
transparent yellow solution. The resulting solution was then purified by dialysis membrane (MW 100-500 Da)
for 4.5 h in distilled water. After freeze-dried, it was obtain a “greenish-yellow” hygroscopic solid (0.14 g)
with 91% of yield. '"H-NMR (400 MHz, D,0O) [ppm]: &= 2.63 (H. + Hj, t, 23H), 2.66 (H,, s, 4H), 2.97 (Hg, t,
8H), 3.26 (Hs, t, 10H), 3.34 (Hy, t, 12H) and 3.64 (Hy, t, 8H). *C-NMR (100 MHz, D,0) [ppm]: &= 30.32 (C.
+Ci), 33.64 (C,), 34.25 (Cy), 48.23 (C,), 50.30 (Cw), 50.99 (Cs), 174.33 (Ca), 177.53 (Cp). '"Pt-NMR (86 MHz,
D,0) [ppm]: 8= - 1848.15 (PtO). FTIR (KBr pellet): v =1576 cm™ (amide I, N-H and C-N), 1631 cm™ (C=0),
2853 cm! (C-H), 2966 cm! (C-H), 3277 cm™ (NH3) and 3418 cm™! (N-H). Fluorescence: Aex = 380 nm, Aem,
max = 442 nm. TOF-MS (ESI +) m/z calc. = 1606.68, m/z found = 1606.46 [M+2H'+H,0]
Ca6H115ClsN260,1Pts?". EA (%) cale.: C 17.29, H 3.60, N 11.40, found: C 14.96, H 3.92, N 9.20 (hygroscopic

compound).

70



Chapter IT — Cisplatin-based metallodendrimers as anticancer drugs

Cl NH,
; P i Ve
//0 cl NH, | 0
\ Na H,0., dark, 18°C, 24h K O NH,

'8

t

/" 'NH,
Cl I P

Scheme 1: Representation of the synthesis of the PAMAM dendrimer GO0.5 functionalized with cisplatin in monodentate
form, GO.5(COOPt(NH3),Cl)s.

2.2.1.2. PAMAM dendrimer Generation 1.5 - G1.5(COOPt(NH3)2Cl)16

Cisplatin (0.29 g, 0.97 mmol; 17.5 eq. mol) was dispersed in 100 mL of UPW. 0.16 g of G1.5COONa PAMAM
(0.06 mmol) was dissolved in 8.5 mL of UPW and subsequently added to the cisplatin solution with constant
mild stir. The solution was left for 30 h protect from light at 18°C under nitrogen atmosphere (Scheme 2). A
change in the solution was observed after a few hours, the cisplatin suspension disappears, getting a transparent
yellow solution. Then, the resulting solution was purified by dialysis membrane (MW 2000 Da) in distilled
water for 4.5 h and then freeze-dried. A hygroscopic “greenwish-yellow” solid was obtained with 35% of yield
(0.13 g). '"H-NMR (400 MHz, D,0) [ppm]: 8= 2.65 (H., t, 36H), 2.85 (H + H;, t, 19H), 3.20 (H. + Hg, m, 14H),
3.30 (Hp+ Hy + Hn, m, 56H), 3.52 (Hu, t, 18H) and 3.68 (H¢+ Hy, m, 23H). “C-NMR (100 MHz, D,0) [ppm]:
0=28.68 (C. + C)), 29.80 (C,), 33.98 (Cr+ (1), 48.84 (Ca+ Cy), 50.22 (Cp), 51.02 (Cry), 51.50 (Cr + Cv), 172.36
(Ca) and 177.16 (C,). *°Pt-NMR (86 MHz, D,0) [ppm]: 8= - 1848.02 (PtO). FTIR (KBr pellet): v = 1587 cn
! (amide II, N-H and C-N), 1658 cm™! (C=0), 2841 cm™ (C-H), 2961 em™ (C-H), 3251 cm™ (NH3) and 3425
cm! (N-H). Fluorescence: Aex = 380 nm, Aew max = 455 nm. TOF-MS (ESI +) m/z calc. = 1013.47, m/z found
=1013.46 [M+3H"] C110H20sN30044Pt:**. EA (%) calc.: C 19.43, H 4.03, N 11.95, found: C 38.65, H 7.30, N
11.96 (hygroscopic compound).
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Scheme 2: Representation of the synthesis of the PAMAM dendrimer G1.5 functionalized with cisplatin in monodentate
form, G1.5(COOPt(NH3),Cl)1s.

71



2.2.1.3. PAMAM dendrimer Generation 2.5 - G2.5(COOPt(NH3)2Cl)32

Cisplatin (0.094 g, 0.31 mmol; 32 eq. mol) was dispersed in 37 mL of UPW. Subsequently, an aqueous solution
of G2.5COONa PAMAM (0.06 g, 0.01 mmol, 3 mL of UPW) was added to the cisplatin solution under
constant mild stir. The solution was left for 40 h at 18°C in the dark under nitrogen atmosphere (Scheme 3). A
change in the solution was observed, the cisplatin suspension disappears, obtaining a transparent yellow
solution. The obtained solution was purified by dialysis membrane (MW 2000 Da) for 4.5 h in distilled water.
A greenish hygroscopic solid was obtained with 55% of yield (0.07 g). 'H-NMR (400 MHz, D-O) [ppm]: &=
2.69 (H. + H;, Ho+ H,, t, 89H), 2.82 (Hy- H,, t, 37H), 3.18 (Hy, t, 50H), 3.45 (H, + H, + Hu+ H, + Hy + Hy +
H,, m, 126H) and 3.74 (H,, t, 32H). *C-NMR (100 MHz, D,0) [ppm]: 8= 29.46 (C; + Cy), 29.99 (C + Ci + C,
+ Cy), 34.09 (Cy), 48.83 (Cy), 50.39 (Cy), 51.02 (Ca + Cu+ Cs), 51.17 (Cp + Ch+ Cu), 173.22 (Cq) and 177.20
(Cp). °Pt-NMR (86 MHz, D-O) [ppm]: 8= - 1841.86 (PtO). FTIR (KBr pellet): v = 1581 cm™ (amide II, N-H
and C-N), 1647 cm! (C=0), 2844 cm™ (C-H), 2963 cm™ (C-H), 3263 cm' (NH;) and 3423 cm (N-H).
Fluorescence: Aex = 380 nm, Aer, max = 458 nm. TOF-MS (ESI +) m/z calc. = 974.82, m/z found = 974.65
[M+H'] Ca3sHs6:ClaoN11609:Ptos’. EA (%) calc.: C 20.42, H 4.15, N 12.21, found: C 33.73, H 6.56, N
12.01(hygroscopic compound).

Cl, NH;
~ P{
¢l NH,4
k //0 H, K C,;,O
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cr’  NH

/32

Scheme 3: Representation of the synthesis of the PAMAM dendrimer G2.5 functionalized with cisplatin in monodentate
form, G2.5(COOPt(NH3).Cl)s».

In conclusion, as depicted in Figure 15, three metallodendrimers conjugated with cisplatin in a monodentate

form were prepared.
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Figure 15: Metallodendrimers functionalized with cisplatin in a monodentate form (G0.5-G2.5).

2.2.2. Preparation of Cisplatin Metallodendrimers in a bidentate form

2.2.2.1. Aquation of cisplatin

For the preparation of cisplatin-metallodendrimers in a bidentate form, cisplatin was firstly hydrolyzed.
Accordingly, 0.25 g of cisplatin (0.84 mmol) was dispersed in 100 mL of UPW. Then, an aqueous solution of
0.28 g of AgNOs (1.69 mmol, 2 eq. mol) in 6.5 mL of UPW was added dropwise to the mixture under stirring.
The solution was left for 24 h at r.t. in darkness under a nitrogen atmosphere (Scheme 4). After 24 h, a “milky-
white” precipitate (silver chloride precipitate) was observed, indicating the formation of the aquated cisplatin.
The silver chloride precipitate was removed by centrifugation at 15000 rpm for 1.5 h at 20°C. The supernatant
was afterward filtrated through a 0.22 um nylon filter to remove the remaining silver chloride precipitate and

freeze-dried. It was obtained a yellow fluorescent powder with a 97% yield (0.22 g).
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Scheme 4: Synthesis of aquated cisplatin.

2.2.2.2. PAMAM dendrimer Generation 0.5 - G0.SCOO(Pt(NH3)2)4

Aquated cisplatin (0.12 mg, 0.42 mmol, 5.5 eq. mol) was dispersed in 46 mL of UPW and an aqueous solution
of 5 mL of G0.5COONa PAMAM (0.10 g, 0.08 mmol) was added to the mixture under stirring. The solution
was left for 24 h at r.t. in dark under nitrogen atmosphere (Scheme 5). After that time, the resulting solution
was purified by dialysis membrane (MW 100-500 Da) in distilled water for 8 h and then freeze-dried, obtaining
a green hygroscopic solid with 80% of yield (0.13 g). '"H-NMR (400 MHz, D,O) [ppm]: = 2.57 (Hc + Hi, m,
19H), 2.71 (H,, 3H), 2.92 (H,, 9H), 3.19 (Hs, m, 9H), 3.27 (Hy, m, 12H) and 3.58 (Hy, t, 8H). *C-NMR (100
MHz, D,0) [ppm]: 6=31.26 (C;), 32.07 (C¢), 34.96 (Cy), 48.83 (Cy), 49.93 (C.), 50.58 (Cu), 51.34 (Cp), 174.99
(Cq) and 178.50 (C,). "Pt-NMR (86 MHz, D-0) [ppm]: &= - 2119.18 (PtO). FTIR (KBr pellet): v = 1557
cm’! (amide II, N-H and C-N), 1633 cm™ (C=0), 2853 cm™ (C-H), 2923 cm™ (C-H) and 3435 cm™ (N-H).
Fluorescence: Aex = 380 nm, Aem, max = 440 nm. TOF-MS (ESI +) m/z calc. = 1023.27, m/z found = 1023.27
[M+2Na*] Cs6HosN1sNa,020Pts**. EA (%) calc.: C 27.60, H 4.83, N 12.60, found: C 21.93, H 5.71, N 10.60

(hygroscopic compound).

o [ o

( - <
})Na;_ 2 H,O0. dark. r.t..24h - \0\

Scheme 5: Representation of the synthesis of the PAMAM dendrimer G0.5 functionalized with cisplatin in bidentate
form, GO.5COO(Pt(NH3)2)4.

2.2.2.3. PAMAM dendrimer Generation 1.5 - G1.5COO(Pt(NH3)2)s

Aquated cisplatin (0.19 g, 0.72 mmol, 8.5 eq. mol) was dispersed in 80 mL of UPW. Therefore 0.25 g of
G1.5COONa PAMAM (0.09 mmol) was dissolved in 10 mL of UPW and added dropwise to the aquated

cisplatin mixture under stirring. The mixture was left for 30 h at r.t. in the dark under nitrogen atmosphere
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(Scheme 6). The obtained solution was purified by dialysis membrane (MW 2000 Da) for 8 h in distilled water
and then freeze-dried. It was obtained an ivory hygroscopic powder with a yield of 64% (0.24 g). 'H-NMR
(400 MHz, D,0O) [ppm]: 6=2.53 (H. + H;, 30H), 2.61 (H,,29H), 2.98 (H. + Hg + H, 40H), 3.36 (H,, Hy + Hy,
56H) and 3.63 (H;+ H,, 20H). *C-NMR (100 MHz, D,0) [ppm]: 8= 30.04 (C,), 31.53 (C.+ Ci), 34.07 (C¢+ C),
48.32 (C, + Cy), 50.28 (Cv), 50.95 (Cn+ Chn), 52.97 (Cw), 174.74 (Cq) and 177.37 (C,). **Pt-NMR (86 MHz,
D;0) [ppm]: 8= - 2119.38 (PtO,). FTIR (KBr pellet): v = 1586 cm™! (amide II, N-H and C-N), 1644 cm™!
(C=0), 2856 cm’! (C-H), 2976 cm (C-H), 3266 cm™ (NH;) and 3400 cm™ (N-H). Fluorescence: Aex = 380
nm, Aem max = 457 nm. TOF-MS (ESI +) m/z calc. = 1466.80, m/z found = 1466.83 [M+3H']
C110H227N42044Pts>*. EA (%) calc.: C 30.03, H 5.13, N 13.37, found: C 32.43, H 6.34, N 11.72 (hygroscopic

compound).

QO < (
N bNa 1 H,0, dark. r.t., 30h b\

Scheme 6: Representation of the synthesis of the PAMAM dendrimer G1.5 functionalized with cisplatin in bidentate
form, G1.5COO(Pt(NHs3)2)s.

2.2.2.4, PAMAM dendrimer Generation 2.5 - G2.5COO(Pt(NH3)2)16

Aquated cisplatin (0.18 g, 0.68 mmol, 16.5 eq. mol) was dispersed in 75 mL of UPW. Separately, 0.26 g of
G2.5COONa PAMAM (0.04 mmol) was dissolved in 10 mL of UPW and added dropwise to the aquated
cisplatin mixture under stirring. The solution was left for 40 h atr.t. in dark under nitrogen atmosphere (Scheme
7). At the end, the obtained solution was purified by dialysis membrane (MW 2000 Da) for 8 h in distilled
water and then freeze-dried. It was obtained a light gray hygroscopic powder with a yield of 56% (0.21 g). 'H-
NMR (400 MHz, D,0) [ppm]: 8= 2.59 (H. + H; +H,, 39H), 2.65 (H., t. 67H), 3.05 (H,, 84H), 3.40 (H, + H, +
Hu, H + Hy + Hy, Ho, m, 112H), 3.58 (H, + Hy, 17H) and 3.68 (H,, 32H). *C-NMR (100 MHz, D,0) [ppm]:
8=30.08 (Ce+ Ci + Co+ Cu), 34.13 (Cy), 36.01 (Cr+ Cy), 48.68 (Cy), 50.41 (Ca+ Cg + Con + Cs), 51.11 (Co+ Ca+
Cy), 17433 (Cq) and 177.30 (C,). 1Pt-NMR (86 MHz, D,0) [ppm]: &= - 2122.82 (PtOs). FTIR (KBr pellet):
v =1587 cm™ (amide II, N-H and C-N), 1645 cm™! (C=0), 2847 cm™! (C-H), 2966 cm™ (C-H), 3255 cm™ (NH3)
and 3425 cm™ (N-H). Fluorescence: Aex = 380 nm, Aem, max =452 nm. TOF-MS (MALDI) m/z calc. = 4598.51,
m/z found = 4597.5 [M+2H"] C23sHas:NooO02Pt16*". EA (%) cale.: C 31.08, H 5.26, N 13.71, found: C 35.63,
H 6.98, N 12.56 (hygroscopic compound).
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Scheme 7: Representation of the synthesis of the PAMAM dendrimer G2.5 functionalized with cisplatin in bidentate
form, G2.5COO(Pt(NH3)2)16.

2.2.2.5. PAMAM dendrimer Generation 3.5 - G3.5COO(Pt(NH3)2)32

Aquated cisplatin (0.10 g 0.39 mmol, 32.5 eq. mol) was dispersed in 90 mL of UPW. And 0.16 g of
G3.5COONa PAMAM (0.01 mmol) was dissolved in 10 mL of UPW and added dropwise to the aquated
solution under stirring. The solution was left for 43 h at r.t. in darkness under nitrogen atmosphere (Scheme
8). The mixture was then purified by dialysis membrane (MW 3500 Da) for 1 day in distilled water. After
freeze-dried it was obtained a light gray hygroscopic powder with a yield of 58% (0.13 g). 'H-NMR (400 MHz,
D,O) [ppm]: 6= 2.59 (H: + H; +H, + Hu, m 159H), 2.66 (Hy, m 145H), 3.05 (H. + Hg + Hm + H;, 64H), 3.26
(Hy, 73H), 3.40 (H, + Hs, Hy, Ho, Hi, m, 253H), 3.59 (H¢+ H, + H,, 36H) and 3.69 (Hx, 64H). *C-NMR (100
MHz, D;0O) [ppm]: 6= 29.96 (Cy), 31.80 (Cc+C; + Co - Cy), 34.07 (Cyx), 35.51 (Ce+ C1+ Cy), 48.62 (Cat+ Cy + Cr
+Cs+Cy), 50.37 (C,), 51.07 (Co+ Ca+ Cu+ Cy), 173.68 (Ca) and 177.20 (C,). Pt-NMR (86 MHz, D,0) [ppm]:

=-2120.93 (PtO,). FTIR (KBr pellet): v = 1581 cm™ (amide II, N-H and C-N), 1642 cm™! (C=0), 2850 cm
' (C-H), 2927 cm! (C-H), 2953 cm™! (C-H) and 3466 cm™ (N-H). Fluorescence: Aex = 380 nm, Aem, max = 454
nm. TOF-MS (ESI +) m/z calc. = 974.82, m/z found = 974.64 [M+H*] Ca0sHosN150O155Ptas™. EA (%) calc.: C
31.58, H5.32, N 13.87, found: C 35.01, H 6.87, N 12.89 (hygroscopic compound).
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Scheme 8: Representation of the synthesis of the PAMAM dendrimer G3.5 functionalized with cisplatin in bidentate
form, G3.5COO(Pt(NH3)2)3..
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In the bidentate form, was prepared four metallodendrimers (GO0.5 to G3.5) as exemplified in the following

Figure 16.
¢ 0 Hﬁ 5 Iﬁ’ -5
"5 R 7 i o
éxm g@ N “‘;{W }f alk, gdm 2 il
N _\_rﬁ\_ N.)‘ ‘\‘3_/-)(- _\%L\N’& —C 3
% 5 m$° TG %qigv,,&zf 55
s 4 OMP
GO.SCOOPHNH,),), ' ol ofo v(,a;’( k-
G1.5CO0PHNH,),)5 . 7 j oiuj
’ E") o, ‘LP ‘

, 0‘150 0%5* i}“ 0%}5"’ ?r‘v ?J)“O " stcOO(Pt(Nﬁgh)lo

. %;{mgﬁ
hi\%h ,?q L =
S N 4
o, L
ﬁpﬁgﬂ "
2 1
5 7 oSl .
%iium

G35COO(Pt(NH;)s)5

Figure 16: Metallodendrimers functionalized with cisplatin in a bidentate form (G0.5-G3.5).

2.3. Biological studies

2.3.1. Cell culture and cytotoxicity evaluation

For the cytotoxicity evaluation of the prepared mettalodendrimers, several human cell lines were used, such as
ovarian cancer cells (A2780), cisplatin-resistance ovarian cancer cells (A2780CisR), colorectal
adenocarcinoma cells (CACO-2), breast cancer cells (MCF-7), and fibroblast cells (BJ, a non-cancer cell line).
The cell lines were cultured in 96-well plates at a seeding density of 1 x 10* cells per well with a specific
culture medium supplemented with 10% (v/v) fetal bovine serum (FBS) and 1 % (v/v) antibiotic-antimycotic
(AA, 100x solution) at 37°C in a humidified atmosphere of 5% CO,. The cell culture media were performed
as follows, the A2780 and A2780CisR cell lines were cultured in RPMI 1640 medium supplemented with L-
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glutamine (2 mM), and 1% (w/v) of cisplatin (100 mM) and for the A2780CisR cells (cisplatin was only used
in the subculturing process before the cytotoxicity assays); the CACO-2 cell line was cultured in MEM medium
supplemented with 1% (v/v) nonessential amino acids (NEAA); the MCF-7 cell line was cultured in RPMI
1640 medium supplemented with ImM sodium pyruvate, 1% (v/v) NEAA (100x solution), and 3.3 pg/mL of
human insulin and the BJ cell line was cultured in D-MEM medium. After 24 h, cells were treated with the
metallodendrimers G0.5(COOPt(NH3)2Cl)s, G0.5COO(Pt(NH3)2)4, G1.5COO(Pt(NHs)2)s,
G1.5(COOPY(NH3)2Cl)16, G2.5(COOPt(NH3)2Cl)s32, G2.5COO(Pt(NH3)2)16, G3.5COO(Pt(NH3)2)32 prepared in
nuclease-free water. Then, 100 uL of the compound solution was used for a total volume of 200 uL in the well.
The cytotoxicity of the metallodendrimers was evaluated at the concentrations of 0.01, 0.03, 0.1, 0.5, 1,2.5, 5,
and 10 uM. Anionic PAMAM dendrimers half-generations (G0.5-G3.5) as well free cisplatin were used as
controls. The cytotoxicity of the G2.5COO(Pt(NH3).)i6/5-FU and G2.5COO(Pt(NH3).Cl)s»/5-FU
metallodendrimers was evaluated in two cancer cells, the A2780CisR and CACO-2, at concentrations of 0.01,
0.2, 1,5, 10, and 20 pg/mL. The G2.5(COONa)s./5-FU and free 5-FU were used as controls. After 72 h of
incubation with the compounds, the culture medium was replaced with fresh culture medium containing 10%
(v/v) of MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) solution (0.5 mg/mL). After 2-
3 h of incubation, the culture medium was removed, and the formazan crystals were dissolved in 100 puL of
DMSO. Afterward, the absorbance intensity was measured at 550 nm in a microplate reader (Victor® 1420,
Perkin Elmer). Three independent experiments with three replicas each were made. The concentration that
inhibited 50% of the cellular metabolic activity (ICso) was determined by linear interpolation between the two
experimental points closer to the point correspondent to 50% of the control's cellular metabolic activity. Results

are presented as the mean + standard deviation (SD).

2.3.2. Hemotoxicity evaluation

Human blood from healthy donors was collected in tubes containing EDTA as an anticoagulant. The human
blood was used to evaluate the hematoxicity of the compounds under study towards red blood cells by the
cyanmethemoglobin method®®’. This method, recommended by the International Committee for
Standardization in Hematology, consists of adding C reagent (cyanmethemoglobin reagent) in the samples,

which, when mixed with blood, causes the lysis of erythrocytes®®’

. Thus, potassium ferricyanide transforms
hemoglobin into methemoglobin, which combines with potassium cyanide giving rise to hemiglobincianide,
also named cyanomethemoglobin. As a result, all the hemoglobin present in the blood is converted to
cyanomethemoglobin, and its concentration is measured by absorbance spectroscopy at a wavelength of 550
nm.

A 250-fold dilution of blood was prepared in C reagent (20 uL of blood in 5 mL of C reagent) to determine
the total hemoglobin concentration in the human blood. C reagent was prepared in an amber bottle with 50 mg

potassium ferricyanide, 12.5 mg potassium cyanide, 35 mg potassium dihydrogen phosphate in 250 mL of
distilled water with 250 uL Triton-X, and the pH adjusted to 7.4. A standard curve of hemoglobin (Hg) was
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prepared from bovine blood (see annex Figure B1). For that purpose, a stock solution of Hg (1.5 mg/mL) was
prepared in C reagent and diluted to several concentrations (0.2; 0.37; 0.54; 0.71; 0.88; 1.05; 1.22 and 1.39
mg/mL). Then, the absorbance was measured at 550 nm using C reagent as blank. The total hemoglobin
concentration was determined with this standard curve, taking into consideration the initial dilution. For the
hematoxicity evaluation of the compounds, 10% (v/v) blood solution was prepared in PBS (Mg?*/Ca?" free).
Then, 10 pL of blood solution was added to a microtube and subsequently was added 70 pL of compound
solutions at concentrations of 0.1, 1 and 5 uM. For the positive and negative controls, 70 uL of distilled water
and 70 uL of PBS were used, respectively. After, the microtubes were incubated at 37°C for 3 h and centrifuged
at 3800 rpm for 10 min. Then, 40 pL of each supernatant was transferred to 96-well plates, and 160 pL of C
reagent was added to each well. The absorbance was measured at 550 nm in the microplate reader. The
concentration of hemoglobin in the supernatants was then determined using the same standard curve. The

results are represented as a percentage of hemolysis of three independent assays + standard deviation (SD).

2.3.3. DNA binding by UV-vis spectroscopy

The absorption spectra were performed at room temperature by varying the concentration of CT-DNA (0, 6.25,
12.5, 18.75, 25, 31.25, 375, 4375 to 50 uM) and keeping constant the concentration of
G0.5(COOPt(NH3).CDs (5 uM), G2.5(COOPt(NH3).Cl)32 (9 uM) and G2.5COO(Pt(NH3)2)1s (1.5 pM)
metallodendrimers and cisplatin (9 uM). The compound solutions were prepared in UPW and then diluted in
a 5 mM Tris-HCI, 50 mM NaCl pH 7.4 buffer. The stock solutions of DNA were also prepared in this buffer.
The DNA purity was determined by UV-Vis spectroscopy from the absorbance ratios at 260 nm and 280 nm.
The ratio should be between 1.8-1.9 to ensure it is sufficiently protein-free (see annex Figure A17). The
obtained ratio was 1.9, meaning that the DNA was pure. The solutions containing the compounds and DNA
were incubated for 5 min at r.t. The absorbance was measured by UV-Vis spectroscopy using the buffer as
blank. Two independent experiments were carried out for the metallodendrimers and cisplatin. The intrinsic
binding constant, Ky, of the compounds with DNA, was determined by the Benesi-Hildebrand equation®®. The
binding constant was obtained from the ratio of the y-intercept to the slope in the plots A¢/A-Ao vs. 1/[DNA].
The Gibbs free energy (AG) that is associated with the DNA interaction process was calculated using the

equation:

AG = —RTInKb (€))

Where T'is the temperature in Kelvin and R is the gas constant.
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2.4. Studies with 5-Fluorouracil loaded dendrimers

2.4.1. Loading of S-FU

5-FU was loaded in the G2.5COO(Pt(NHs3)2)16 and G2.5(COOPt(NHj3),Cl)3,» metallodendrimers. As such, 25
mg of G2.5COO(Pt(NH3)2)16 (0.003 mmol) was dissolved in 2 mL of UPW, and 5.3 mg of 5-FU (15 eq. mol,
0.04 mmol) was added to the solution. The solution was stirred for 24 h protected from the light. The same
procedure was performed for the G2.5(COOPt(NH;3),Cl)s» metallodendrimer. Thus, 25 mg of
G2.5(COOPt(NH3)2Cl)32 (0.002 mmol) was dissolved in 2 mL of UPW, and 3.5 mg of 5-FU (15 eq. mol, 0.03
mmol) was added to the metallodendrimer solution. For control, the G2.5(COONa);, dendrimer (7.8 mg, 0.06
mmol) was also loaded with 5-FU (25 mg, 0.004 mmol, 2 mL). After, the G2.5COO(Pt(NH3),)1¢/5-FU,
G2.5(COOPt(NH3)2C1)3,/5-FU and G2.5(COONa)3,/5-FU solutions were dialyzed in 50 mL of distilled water
using a dialysis membrane with a ct off of 100-500 Da for 20 min to remove the unloaded 5-FU. Then, the
G2.5COO(Pt(NHs3)2)16/5-FU, G2.5(COOPt(NH;)-Cl)3/5-FU, and G2.5(COONa);»/5-FU solutions and the
solution from outside the dialysis were lyophilized. The free drug was dissolved in 50 mL of UPW, and its
absorbance was measure at 266 nm in a Perkin Elmer UV-Vis spectrometer Lambda equipment to determine
indirectly the amount of drug-loaded within the compounds. A standard calibration curve in water was done
to quantify the 5-FU in solution (see annex Figure B2. The loading capacity (LC%) and the loading efficiency
(LE%) were calculated through the following formulas?®®. The results are expressed as mean + SD of three

independent experiments.

LC (%) _ Mass of loaded 5FU % 100 (2)

(Mass of loaded 5FU+Mass of dendrimer or metallodendrimer)

(Total 5FU amount—free 5SFU amount) 5¢

LE (%) =

100 3)

Initial mass of 5FU

2.4.2. Invitro drug release of S-FU

The release of 5-FU was carried out in PBS at pH 7.4 and pH 5 at 37°C. For that purpose, were weighted 100
ug of 5-FU loaded in G2.5COO(Pt(NH3)2)16, G2.5(COOPt(NH3)-Cl)s2, and G2.5(COONa)s, and dissolved in
300 pL of water. The solutions were placed in a SLIDE-A-LYZER™ mini dialysis device with an MW of
2000 Da (volume of 0.1 mL, Thermo Fisher Scientific) and dialyzed with 10 mL of PBS at each pH value in
separate tubes. At different time intervals, 1 mL of the dialyzed was taken out from each tube and replaced
with an equivalent volume of fresh PBS. The release profile of 5-FU was determined by UV-Vis spectroscopy
through absorbance measurement at 266 nm. A standard calibration curve for each pH value was performed

(see annex Figures B3 and B4).
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3. Results and discussion
3.1.Synthesis and characterization

3.1.1. Monodentate form

To prepare the monodentate cisplatin-metallodendrimers, cisplatin was conjugated directly to the anionic half-
generation PAMAM dendrimers (G0.5- G2.5). The prepared metallodendrimers were obtained in general, with
good yield (91% for GO.5(COOPt(NH3).Cl)s, 35% for GI1.5(COOPt(NH;):Cl)is and 55% for
G2.5(COOPt(NH3)2Cl)32). All the cisplatin-metallodendrimers were then fully characterized by different
techniques as NMR ('H, *C, and '*Pt-NMR), FTIR, UV-Vis, and Fluorescence spectroscopy, zeta-potential,
mass spectrometry (MS) and elemental analysis (EA). In the 'H-NMR experiments, the signal of deuterated
water (D,O) was used as an internal reference, and the potassium tetrachloroplatinate (II) was used as an
external reference in the Pt-NMR experiments. Figure 17 shows the 'H-NMR spectrum of the
G0.5(COOPt(NH3).Cl)s with the characteristics signals of the anionic PAMAM dendrimers at 2.65, 2.83, 2.97,
3.26, 3.34 and 3.64 ppm. However, the protons of the NHz group of cisplatin are not visible with the solvent
used but was visible a downfield shift of the signals compared to the respective pristine PAMAM dendrimer

(see annex Figure Al).
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Figure 17: '"H-NMR spectrum of G0.5(COOPt(NH3),Cl)s performed in D,O.

In the ®C-NMR spectrum (Figure 18) it was possible to observe a downfield shift of the carboxylate signal
after the conjugation of cisplatin, from 174.69 to 177.53 ppm, suggesting that the coordination of PAMAM

dendrimer to cisplatin was successfully achieved?®>2%.
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Figure 18: *C-NMR spectrum of G0.5(COOPt(NH3),Cl)s performed in D,O.

Furthermore, the *’Pt-NMR was performed in order to verify how cisplatin was conjugated to the PAMAM
dendrimer. As shown in Figure 19, the signal at -1848 ppm suggests the conjugation of cisplatin to the

2" The signal at -2164 ppm was characteristically attributed to

PAMAM dendrimer in a monodentate form
free cisplatin (see annex Figure Al2), and the signal at -1756 ppm probably corresponded to cis-
[PtCI(NH3)2(D-2O)[" fragment due to the interaction between the deuterated solvent (D-0) and free cisplatin
since to obtain the spectrum is necessary a few hours of acquisition?”!. The low-intensity signal obtained in the

195Pt-NMR experiment was due to the sensitivity of the NMR probe for the **Pt-nucleus.
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Figure 19: ®*Pt-NMR spectrum of G0.5(COOPt(NH3).Cl)s performed in D,O, with K,PtCls as an external reference (-
1631 ppm).

Similar results were obtained for the GI1.5(COOPt(NH;3).Cl)is and G2.5(COOPt(NH3),Cl)s,
metallodendrimers. In the 'H-NMR spectrum, the G1.5(COOP%(NH3):Cl)1s metallodendrimer presented a
downfield shift of the characteristics protons of the PAMAM dendrimer structure, of 2.65, 2.83, 3.20, 3.39,
3.52 and 3.68 ppm (Figure 20) compared to the pristine anionic PAMAM dendrimers (see annex Figure A3).
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Chapter IT — Cisplatin-based metallodendrimers as anticancer drugs

The *C-NMR spectrum also showed a downfield shift of the carboxylate group from 175.22 to 177.16 ppm,
indicating the coordination of cisplatin on its surface (Figure 21). The signal at -1848 ppm in the °Pt-NMR
spectrum (see annex Figure C1) was indicative of the coordination of cisplatin in a monodentate form. The

other signal that appeared at — 2162 ppm corresponds to free cisplatin.
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Figure 20: 'H-NMR spectrum of G1.5(COOPt(NH3)2Cl);6 performed in D,O.
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Figure 21: BC-NMR spectrum of G1.5(COOPt(NH3),Cl)16 performed in D,O.

Also for the G2.5(COOPt(NHj3),Cl);; metallodendrimer, we were able to observe a downfield shift of the
protons signals (Figure 22), regarding the PAMAM dendrimer in the 'H-NMR spectrum. The signals at 271,
2.82, 3.18, 3.45, and 3.74 ppm belong to the structure of the anionic PAMAM dendrimer. The *C-NMR
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spectrum only presented the signals of the structure of the PAMAM dendrimer since cisplatin does not have
carbons in its chemical composition. Nevertheless, a downfield shift of the carboxylate group from 174.90 to
177.20 ppm suggests that cisplatin was conjugated on the surface of the dendrimer (Figure 23). The signal at
-1842 ppm in the ’Pt-NMR (see annex Figure C2) indicated that cisplatin was conjugated in a monodentate
form to the PAMAM dendrimer.
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Figure 22: 'H-NMR spectrum of G2.5(COOPt(NH3)-Cl)3» performed in D>O.
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Figure 23: ®C-NMR spectrum of G2.5(COOPt(NH3),Cl)3; performed in D,O.

The prepared monodentate cisplatin-metallodendrimers were also characterized by FTIR. The characteristics
bands of cisplatin were the N-H stretch of the amino groups at 1541cm™ and 3267cm™! (see annex Figure A13).
When comparing with the pristine anionic PAMAM dendrimers (see annex Figure A9), the cisplatin-
metallodendrimers showed a shift in the characteristic carbonyl stretching band from 1639 to 1631 cm™ in the
G0.5(COOPt(NH;).Cl)s, 1633 to 1658 cm! in the G1.5(COOPt(NH;).Cl);s and 1638 to 1647 cm™ in the
G2.5(COOPt(NH3)2Cl)s> (see annex Figure C3). In addition, was observed the presence of a new band related
to the N-H stretch of the NHs groups of cisplatin at 3277 cm™, 3251 cm’!, and 3263 cm™ in the
G0.5(COOPt(NH3)>Cl)s, G1.5(COOPt(NH3)2Cl)16, G2.5(COOPt(NH3)-Cl)s,, respectively.

Additionally, the monodentate cisplatin-metallodendrimers were characterized by UV-Vis spectroscopy
(Figure 24a). Cisplatin, UV-Vis spectrum presented a maximum absorbance band at 203 nm attributed to the
charge-transfer band and a shoulder at 280 nm assigned to the d-d transitions of the square planar Pt** ion*?
(see annex Figure Al4). After the conjugation of cisplatin to the anionic PAMAM dendrimers, the
characteristic band that appears around 280-300 nm from the interior tertiary amines of the PAMAM dendrimer
(see annex Figure A10) did not shift significantly, suggesting that cisplatin conjugation has been achieved only
at the surface of the dendrimer. However, the cisplatin band in the metallodendrimers spectra showed as a
minor shoulder with shifts to 205 nm, 250 nm, and 249 nm for GO0.5(COOPt(NH3).Cl)s,
G1.5(COOPt(NH3)2Cl)16, and G2.5(COOPt(NH3),Cl)3 respectively, which indicates that the conjugation was
achieved successfully. Nonetheless, cisplatin has no fluorescence, contrary to the anionic PAMAM dendrimers
that present fluorescence (see annex Figure Al1). After the coordination of PAMAM dendrimer to cisplatin,
it can be observed that the fluorescence of GO.5(COOPt(NH3).Cl)s slightly increased and in the
G2.5(COOPt(NH3).Cl)s, decreased, which suggests the conjugation of cisplatin on the surface of the PAMAM
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dendrimer. In the case of G1.5(COOPt(NH3),Cl)16, the fluorescence increased significantly. Figure 24b were
represented the fluorescence spectrum of the cisplatin-metallodendrimers in a monodentate form, where the
fluorescence of G1.5(COOPt(NH3),Cl)1s compared with the other metallodendrimers is significantly higher. It

appears that an enhancement fluorescence effect occurs in this dendrimer after the conjugation of the 16 metals

complexes.
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Figure 24: a) UV-Vis spectra of the metallodendrimers conjugated with cisplatin in monodentate form at concentration
40 uM in UPW and b) Emission (Aex = 380 nm) spectra of metallodendrimers conjugated with cisplatin in monodentate

form recorded in UPW at a concentration 500 uM.

After the coordination of the anionic PAMAM dendrimers to cisplatin, the charge of the prepared cisplatin-
metallodendrimers increases as expected. These results suggest the functionalization since cisplatin has a
positive charge and these dendrimers have a negative charge (Table 2). However, the observed decrease in the
zeta-potential values after the conjugation with cisplatin can lead to the aggregation of the metallodendrimers

in an aqueous solution, although it is not an absolute indication regarding the stability of the nanoparticles.
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Table 2: Zeta-potential of the anionic PAMAM dendrimers (G0.5-G3.5) and their related metallodendrimers after
conjugation with cisplatin in a monodentate form (n = 3) in filtered UPW.

Compounds Zeta-potential (mV)
GO0.5(COONa)s -19.17+1
G0.5(COOPt(NH3):Cl)s 1.78 + 148
G1.5(COONa)is -40.80 £ 0.7
G1.5(COOPt(NH3)2CD16 -8.8+1.1
G2.5(COONa)3, 4777+ 1.46
G2.5(COOPt(NH3)2Cl)s2 7.99 +£0.72

Additionally, these cisplatin-metallodendrimers were evaluated by TOF-MS (ESI positive mode or MALDI)
techniques (see the spectra in the annex - Figures C4-C6). Even with difficulties in the characterization, due
to the compounds hygroscopic nature, the fragments identified by TOF-MS confirm the functionalization of
the anionic PAMAM dendrimers with cisplatin in the monodentate form. Table 3 were summarized the results
acquired from MS. The GO0.5(COOPt(NH;),Cl)s had a peak at m/z = 1606.46 [M+2H+ H,O -
CusHi15CIsN26021Pts]** . For the G1.5(COOPt(NH3).Cl)16 was found only a fragment with two cisplatin without
the chlorine groups at m/z = 101346 [M+3H" - Ci10H20sN3004Pt:]*". Furthermore, for the
G2.5(COOPt(NH3)2Cl)3> was also found a fragment with PAMAM dendrimer conjugated to twenty-nine
cisplatin metals at m/z = 974.65 [M+H" - C23sHs562Cl20N116002Pt20]".

Table 3: Molecular weight of the cisplatin-metallodendrimers in a monodentate form.

G0.5(COOPt(NH3):C)s  G1.5(COOPt(NHsz)2Cl)16 G2.5(COOPt(NH3):Cl)s2

Molecular weight 3201.90 6800.29 13997.08
m/z calculated 1606.68 1013.47 974.82
m/Z found 1606.46 1013.46 974.65
[M+2H" HO* [M+3HT [M+H'T
Ci6Hi15ClsN26021 Pts®* C110H205N30044Pt ** C238H562C120N116002Pto0"
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3.1.2. Bidentate form

To prepare the bidentate cisplatin-metallodendrimers, cisplatin was first bis-aquated using silver nitrate as an
abstractor of the chlorine groups, with 97% of yield. The aquation of cisplatin is important to assure the
removal of the two chlorines and the conjugation in a bidentate form. Actually, the conjugation of cisplatin in
a bidentate form involving two bonds should delay the release before the target was achieved, decreasing the
side effects. As such, the anionic PAMAM dendrimers were coordinated to the bis-aquated cisplatin. All the
synthesized metallodendrimers were obtained with good yields, namely, 80% for GO.5COO(Pt(NHz3),)4, 64%
for G1.5COO(Pt(NH3)2)s, 56% for G2.5COO(Pt(NH3)2)16 and 58% for the G3.5COO(Pt(NH3)2)32. They were
fully characterized by different techniques such as NMR (*H, *C, and ’Pt-NMR), FTIR, UV-Vis, and
Fluorescence spectroscopy, zeta-potential, MS and EA. As mentioned before, for the 'H-NMR experiments,
the deuterated water (D,O) signal was used as an internal reference, and the potassium tetrachloroplatinate (1)
was used as an external reference for the *Pt-NMR experiments. Figure 25 showed the "H-NMR spectrum of
the GO.5COO(Pt(NHs),)s with the characteristics signals of PAMAM dendrimer between 2.57 to 3.58 ppm.
Nevertheless, only a downfield shift of the signals was visible as regards the PAMAM dendrimer (see annex
Figure Al).
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Figure 25: '"H-NMR spectrum of GO.5COO(Pt(NH3)2)4 performed in D,O.
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In the *C-NMR spectrum (Figure 26) a downfield shift of the carboxylate group from 174.69 to 178.50 ppm
was visible after cisplatin conjugation to the PAMAM dendrimer.

The *Pt-NMR spectrum (Figure 27) showed a signal at -2119 ppm from the bidentate conjugation of the
anionic PAMAM dendrimer to cisplatin and the signal at -1545 ppm probably corresponds to cis-
[PtCI(NH3)2(H.0),]*".
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Figure 26: *C-NMR spectrum of GO.5COO(Pt(NH3),)4 performed in D,O.
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Figure 27: **Pt-NMR spectrum of G0.5COO(Pt(NH3)2)4 performed in D,O, with K;PtCl, as an external reference (-1631
ppm).

The G1.5COO(Pt(NHs),)s also displayed a downfield shift in the protons in the "H-NMR spectrum after
conjugation with cisplatin (Figure 28). Particularly, the downfield shift in the carboxylate group from 175.22
to 177.37 ppm in the ®C-NMR spectrum (Figure 29) suggests the dendrimer's coordination to cisplatin. The
form of how cisplatin was conjugated to the dendrimer was determined by **Pt-NMR. From the spectrum (see
annex Figure C7), the signal at — 2119 ppm suggests that the coordination of the PAMAM dendrimer to

cisplatin in a bidentate form was achieved.
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Figure 28: 'H-NMR spectrum of G1.5COO(Pt(NH3)»)s performed in D,O.
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Figure 29: ¥*C-NMR spectrum of G1.5COO(Pt(NH3),)s performed in D,O.

The 'H-NMR spectrum of G2.5COO(Pt(NH3)2)16 (Figure 30) also showed a downfield shift in the protons
compared to the respective pristine PAMAM dendrimer (see annex Figure AS). In the *C-NMR spectrum
(Figure 31) was visible a downfield shift in the carboxylate group from 174.67 to 177.30 ppm. The signal at
-2123 ppm in '**Pt-NMR spectrum suggests the coordination of PAMAM dendrimer to cisplatin in a bidentate

form (see annex Figure C8).
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Figure 31: *C-NMR spectrum of G2.5COO(Pt(NH3),)16 performed in D>O.

In the 'H-NMR spectrum of G3.5COO(Pt(NH3)2)32 (Figure 32) is shown the characteristics signals of the
PAMAM dendrimer structure that were downfield shifted after the conjugation with cisplatin. A downfield
shift was also observed in the *C-NMR spectrum (Figure 33) of the carboxylate group, from 174.90 to 177.20
ppm, indicating the conjugation of cisplatin. The **Pt-NMR spectrum (see annex Figure C9) had a signal at -
2121 ppm, suggesting the bidentate conjugation of cisplatin.
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Figure 33: *C-NMR spectrum of G3.5COO(Pt(NH3),)s: performed in D>O.
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The prepared compounds were also characterized by FTIR (see annex Figure C10). In all the cisplatin-

metallodendrimers
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pristine anionic PAMAM dendrimer. In the GO.5COO(Pt(NH3),)s the shift was observed from 1639 cm™ to
1633 cm™, G1.5COO(Pt(NH;),)s from 1633 cm™ to 1644 cm!, G2.5COO(Pt(NH3)2)16 from 1638 cm™ to 1645
cm! and G3.5COO(Pt(NHs)2)s2 from 1639 cm™ to 1642 cm™. The slight shifts indicate that the effect of
cisplatin was insignificant due to its neutral behavior’*. For the G1.5COO(Pt(NHs),)s and
G2.5COO(Pt(NH3)2)16 metallodendrimers was also visible the presence of a new band related with the N-H
stretch of the NH; groups of cisplatin at 3266 ¢m™ and 3255 cm, respectively. For the remaining
metallodendrimers, although there was not a visible new band, the existent band was significantly shifted, from
3418 cm! to 3435 cm! for the GO0.5COO(Pt(NH:),)s and, from 3421 cm! to 3446 cm' for
G3.5COO(Pt(NH3)2)32. This could probably be explained by the new band overlapping with the N-H band of
the amide group of PAMAM dendrimers.

The cisplatin-metallodendrimers in a bidentate form were also characterized by UV-Vis and fluorescence

spectroscopy (Figure 34).
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Figure 34: a) UV-Vis spectra of the metallodendrimers conjugated with cisplatin in the bidentate form at a concentration
of 40 uM in UPW, b) Emission (Aex = 380 nm) spectra of metallodendrimers conjugated with cisplatin in the bidentate
form recorded in UPW at a concentration of 500 uM.

After the conjugation of the PAMAM dendrimer to cisplatin in a bidentate form, the cisplatin band shifted
from 203 to 247 nm, 242 nm and 241 nm for GI1.5COO(Pt(NHs).)s, G2.5COO(Pt(NH3)2)16, and
G3.5COO(Pt(NH3)2)32, respectively. In the spectrum, a shoulder is detected (Figure 34a), which was more
evident for the higher generations of the PAMAM dendrimers. However, in the GO.5COO(Pt(NH3)2)4
spectrum, that shoulder was not visible, probably because it has only four metals. In addition, the characteristic

absorption band of the anionic PAMAM dendrimers, which appeared around 280-300 nm and was attributed
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to the interior tertiary amines, did not shift significantly, suggesting that cisplatin has been conjugated only at
the dendrimer surface. In the fluorescence spectrum (Figure 34b), the fluorescence of all cisplatin-
metallodendrimers decreased after the coordination of the dendrimer to cisplatin. Nevertheless, the
G2.5COO(Pt(NH3)2)16 had a greater fluorescence than the remaining metallodendrimers. The same was
verified for the G1.5COO(Pt(NHs).Cl)1s, where the dendrimer was conjugated to the cisplatin in the
monodentate form. These two metallodendrimers have 16 metals conjugated on their surface, which may
indicate that a maximum fluorescence is reached with 16 metal. Moreover, the charge of the anionic PAMAM
dendrimers increases after the conjugation with cisplatin (Table 4), indicating the coordination of the
dendrimer to cisplatin on its surface. Even if the zeta-potential was not an unquestionable indication of the
stability of the nanoparticles, the decrease in the zeta-potential values suggests the metallodendrimer

aggregation in an aqueous solution.

Table 4: Zeta-potential of the anionic PAMAM dendrimers (G0.5-G3.5) and their related metallodendrimers after
conjugation with cisplatin in a bidentate form (n = 3) in filtered UPW.

Compounds Zeta-potential (mV)
GO0.5(COONa)s -19.17+1
G0.5COO(Pt(NH3s)2)4 <173+ 0.5
G1.5(COONa)is -40.80 £ 0.7
G1.5COO(Pt(NHs)2)s -17.37 £ 0.5
G2.5(COONa)3; 4777+ 1.46
G2.5COO(Pt(NH3)2)16 2.49+0.32
G3.5(COONa)s4 -5127+1.27
G3.5COO(Pt(NHs)2)32 23.23 £0.95

In addition to this, the conjugation of the anionic PAMAM dendrimers to cisplatin was evaluated by TOF-MS
(ESI positive mode or MALDI) analysis (see the spectra in Figures C11-C14). Table 5 summarizes the results
obtained for MS analyses. For the metallodendrimers GO.5COO(Pt(NHs)2)s, G1.5COO(Pt(NHs),)s and
G2.5COO(Pt(NH3)2)16 were found the expected structures with peaks at m/Zz = 1023.27 [M+2Na' -
CusHosN1sNa:020Pts]**, 1466.83 [M+3H" - C110H27N40uPts]** and 4597.5 [M+2H" - Ca3sHas:NogOo2Ptis]*,
respectively. For the G3.5COO(Pt(NH3)2)32 was only found a fragment with the dendrimer conjugated with
twenty-nine cisplatin metals with a peak at m/z = 974.64 [M+H" - C494Hog1N15001385Pt20]".
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Chapter II

Table 5: Molecular weight of the cisplatin-metallodendrimers in a bidentate form.

Cisplatin-based metallodendrimers as anticancer drugs

G0.5COO(Pt(NHz))s  G1.5COO(Pt(NHz))s G2.5COO(Pt(NH3))is  G3.5COO(PH(NH:))s
Molexolar 2001.72 4399.92 9196.34 18789.17
weight
m/s 1023.27 1466.80 459851 974.82
calculated
m/z 1023.27 1466.83 4597.5 974.64
found [M+2Na* > [M+3H [M+2H 2 [M+HT*
C46HosN1sNar020P C110H227N420uPts®"  CazsHasoNooOor Pty C04Hog1N1500135Pta9"

3.2.Biological studies

3.2.1. Cytotoxicity assays

The cytotoxicity behavior of cisplatin-metallodendrimers in and Dbidentate forms
(GO.5(COOPY(NH;).Cl)s,  G1.5(COOPt(NH;3):Cl)1s,  G2.5(COOPt(NH;):CD)32  G0.5COO(Pt(NHs)2)a,
G1.5COO(Pt(NH3),)s, G2.5COO(Pt(NH3)2)16 and G3.5COO(Pt(NH3),)32) were studied in vitro using four
cancer cell lines, A2780, A2780CisR, MCF-7, CACO-2 cell lines and one non-cancer cell line, the BJ cells.

For the cytotoxicity evaluation, an MTT assay that measures the metabolic activity was used, and the results

mono

were obtained after 72 h. The results were presented in Figures C15-C19 (see the annex) and the half-maximal
inhibitory concentration, ICso, values in Table 6. The anionic PAMAM dendrimers (G0.5-G3.5) and cisplatin
were used for comparison. Our results showed that all the metallodendrimers exhibit cytotoxicity against the
tested cancer cell lines, being more effective in at least one of the cancer cell lines studied compared to
G0.5(COOPt(NH3).Cl)s and G2.5(COOPt(NH3),Cl)s2

compared to the remaining metallodendrimers were the most cytotoxic in all the cancer cell lines, as shown by

cisplatin. Nevertheless, the metallodendrimers
the obtained ICso values. According to the previous studies?!2%2%4  the drug cisplatin was expected to be
released from the dendrimer due to the concentration of chloride ions in the cell that reacts with the carboxylic
groups of dendrimers by an exchange reaction. The aquation of cisplatin gives rise to potent electrophilic

cations that bind to DNA, displaying its anticancer activity.
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Table 6: ICso values of the prepared cisplatin-metallodendrimers toward various cancer cell lines and non-cancer cell
line. Results are expressed as mean + SD three independent experiments performed in triplicate.

42780 A2780CisR MCF-7 CACO-2 BJ
ICso = SD ICso = SD ICso = SD ICso £ SD ICs0 £ SD
(M) (uM) (uM) (M) (M)
Cisplatin 0.11+0.03 351+135 1.21+045 >10 0.55+0.23
Monodentate form
G0.5(COOPH(NH3):Cl)s 0.02 +0.01 >0.01 0.075+0.01 252+17 0.06+0.01
G1.5(COOPt(NH3).Cl)16 0.20 £ 0.08 6.55+0.15  0.54+0.16 >10 0.50+0.21
G2.5(COOPt(NH3):CD)s: 0.068+0.03 0.04+£0.026 0.63+£034 625+2.7 039£022
Bidentate form
G0.5COO(PI(NH; ) 0.31+0.12 521+£149 204+016 754+23 3.28+138
G1.5COO(Pt(NH3)2)s 0.07 £ 0.04 635+0.19 1.69+0.55 >10 0.53+£0.26
G2.5COO(PH(NHs)2)1s 0.18 £0.03 0.17+0.05 235+0.56 >10 0.51+0.27
G3.5COO(P{(NHs)2)3
0.04 £ 0.02 0.06+0.04  3.29+0.69 >10 12+051

To compare the synthesized metallodendrimers with cisplatin, according to their efficacy, different factors as
the relative potency, selectivity, and resistance factor were determined. The cytotoxicity relative potential (RP)
value was determined (Table 7), particularly against the A2780CisR cancer cell line, where cisplatin has

resistance and, for that reason, presents clinical limitations?*?

. This value was obtained by dividing the ICso of
the cisplatin by the ICso of the metallodendrimer. Accordingly, the GO.5(COOPt(NH3),Cl)s metallodendrimer
had an RP value 351 times more toxic than cisplatin, followed by the G2.5(COOPt(NH3),Cl)3, with an RP
value of 88, G3.5COO(Pt((NH3)2)3> with 59 and finally the G2.5COO(Pt((NH3).)16 with an RP of 20. However,
the increase in generation and metallic centers do not significantly influence the cytotoxicity of the
metallodendrimer in cancer cells. Nevertheless, the way how cisplatin was conjugated to dendrimer seems to
have a role in the anticancer effectiveness of the metallodendrimer to some extent. This can be verified since
the two metallodendrimers with the highest RP value, cisplatin was conjugated in a monodentate form. The

explanation can be due to the ease of releasing cisplatin compared to the bidentate form, where cisplatin takes

longer to be released since it was conjugated to the dendrimer with two bonds.
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Table 7: Relative potency (RP) of the cisplatin-metallodendrimers calculated from the division of the ICso value of
cisplatin by the ICso value of the metallodendrimers. The obtained value should be higher than 1 to have a relative potency.

Relative potency (RP) A2780 A2780CisR MCEF-7 CACO-2 BJ
Monodentate form
G0.5(COOPt(NH3):Cl)s 55 > 351 16 >4 9.2
G1.5(COOPt(NH:)Cl)is 0.55 0.54 ) >1 11
G2.5(COOPt(NH3):Cl)32
1.6 88 1.9 >1.6 1.4

Bidentate form
G0.5COO(P{(NH:),)s 0.35 0.6 0.59 >1.3 0.17
G1.5COO(Pt(NHz)2)s 1.57 0.55 0.7 >1 1.03
G2.5COO(Pt(NH3)2)16 06 21 05 >1 1.08
G3.5COO(Pt(NH3)2)32

2.75 59 0.37 >1 0.46

As described earlier another limitation of platinum drugs is the selectivity for cancer cells, which leads to
undesirable side effects. In this sense, the cytotoxicity of the metallodendrimers in the non-cancer BJ cells was
determined to indicate the cancer selectivity of the synthesized metallodendrimers. The selectivity index (SI)
is defined as the ratio of the ICso of the normal BJ cells by the ICsy of the individual cancer cell line tested,
which is presented in Table 8. According to the literature, if the SI value is greater than 2, more selective is
the compound for the cancer cells. If the SI values are less or equal to 2, the compound presents only a general
toxicity?”2?7. All the cisplatin-metallodendrimers, had a SI greater than 2 in the A2780 cancer cell line,
indicating that the compounds were more cytotoxic to this cancer cell line than the non-cancer cell line.
Nonetheless, only four metallodendrimers were more selective in this cancer cell line than cisplatin, the
G0.5COO(Pt(NH3)2)s,  G1.5COO(Pt(NHs)2)s, the  monodentate  G2.5(COOPt(NHs).Cl)s  and
G3.5COO(Pt(NH3)2)3.. However, in the A2780CisR cancer cells, all the metallodendrimers had a higher SI
than cisplatin except for the G1.5(COOPt(NH3).Cl)1s and G1.5COO(Pt(NH3).)s metallodendrimers, although
some displayed a value less than 2, presenting general toxicity. The metallodendrimers that presented the
higher SI were the monodentate GO.5(COOPt(NH3),Cl)s with a SI value higher than 6,
G2.5(COOPt(NH3).Cl)s>» with a SI equal to 9.8, G2.5COO(Pt(NH3)2)is with a SI equal to 3 and
G3.5COO(Pt(NH3)2)3, with a SI value of 20. These results indicate that they can be considered promising

anticancer drugs, with a SI value that is times higher than cisplatin. On the other hand, in the case of MCF-7
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and CACO-2 cell lines, the SI was less than 2 for cisplatin, meaning that they have general toxicity for this

type of cancer.

Table 8: Sclectivity index (SI) of the cisplatin-metallodendrimers calculated from the division of the ICso value of BJ cell
line for the ICso value of cancer cell lines.

Selectivity index (ST) A2780 A2780CisR ~ MCF-7 CACO-2
Cisplatin 5 0.2 0.5 >0.06
Monodentate form
G0.5(COOPt(NH3)2CDs 3 >6 0.8 0.02
bl SCORR N 25 0.08 0.9 >0.05
G2.5(COOPt(NH3)2CD32

5.7 9.8 0.6 0.06
Bidentate form
G0.5COO(PH(NH;)2)4 10.6 0.6 1.6 0.4
G1.5COO(Pt(NH3)2)s 7.6 0.08 0.3 >0.05
G2.5COO(Pt(NH3)2)16 2.8 3 02 >0.05
G3.5COO(Pt(NH3)2)32

30 20 0.4 >0.1

Since the start of the development of new platinum anticancer drugs, researchers have aimed to overcome the
resistance of cisplatin. The A2780 and A2780CisR cancer cells were used to determine the resistance factor
(RF) of the metallodendrimers. The RF is defined as the ratio between the ICso value of A2780cisR cells and
the ICso value of A2780 cells. The lower the RF value, the better the compound to overcome the cancer cells
resistance’®. As it can be seen in Table 9, except for G1.5(COOPt(NH3).Cl)is and G1.5COO(Pt(NH3))s
metallodendrimers, all the metallodendrimers had an RF significant lower than cisplatin (RF= 31.9). The
metallodendrimers with an RF lower than one were more effective in overcoming resistance to cancer cells.
G0.5(COOPt(NH3).Cl)s with an RF equal to 0.5, followed by the G2.5(COOPt(NH3),Cl)3, with an RF equal to
0.59, and the bidentate G2.5COO(Pt(NH3)2)is with an RF equal to 0.94 were the metallodendrimers that
presented lower RF. Thereby these metallodendrimers present attractive advantages once they can surpass
cisplatin resistance. Furthermore, the nanocarrier used, the anionic PAMAM dendrimers, can potentially direct

the drug for cancer cells.
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Table 9: Resistance factor of the cisplatin-metallodendrimers calculated from the division of the ICso value of A2780CiR
for the ICso value of A270 cancer cell lines.

Resistance factor (Rf)
Cisplatin 31.9
Monodentate form G0.5(COOP{(NH:),Cl)s p
G1.5(COOPt(NH3),Cl)16 32.8
G2.5(COOPt(NH3),Cl)s2 0.59
Bidentate form
GO0.5COO(Pt(NHs)2)4 16.8
G1.5COO(Pt(NH3)2)s 90.7
G2.5COO(Pt(NHz3)2)16 0.94
G3.5COO(Pt(NHs)2)32 1.5

3.2.2. Hematoxicity assays

The hematoxicity assay was used to study the interaction of the prepared cisplatin-metallodendrimers with red
blood cells by measuring the release of hemoglobin through the membrane disruption of these cells.

One of the side effects presented by platinum compounds, such as cisplatin, is the hematological toxicities that
affect the function of bone marrow and consequently the production of blood cells, leading to diverse effects

such as anemia'™

. Cisplatin forms complexes with the hemoglobin, which releases the Fe (heme group),
responsible for transporting oxygen in the body**®. Following this and based on the results (Figure 35), all the
metallodendrimers and cisplatin showed very low hematoxicity levels (less than 5% for all the concentrations),
compared with the values of hemoglobin release of the negative control. The low hematoxicity presented by
the metallodendrimers was less or quite similar when compared to cisplatin. However, at 5 uM concentration,
cisplatin displays hematoxicity values of 1.2 to 1.5 fold higher than the metallodendrimers. This was in
accordance with what is found in the literature, that cisplatin induces hematological toxicity dependent on the
concentration!”>!7® According to a study performed by Mei-Hua Han ef al.?*°, anionic PAMAM dendrimers
have a very low generation and concentration-dependent effect on hemolysis compared to cationic PAMAM
dendrimers. Furthermore, these results suggest that the number of platinum metal centers and the generation

of the anionic PAMAM dendrimers did not interfere with the toxicity in red blood cells at the concentrations

used in the experiment since no significant differences are observed in the hematoxicity.
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Figure 35: Hematoxicity of the free cisplatin and prepared cisplatin-metallodendrimers in healthy human blood. Blood
was treated for 3 h with different concentrations (0.1, 1, and 5 pM) of the metallodendrimers and free cisplatin. The
positive and negative control are represented by C* and C-, respectively. The results are expressed as mean £+ SD of at
least three independent experiments performed in triplicate.

3.2.3. DNA binding studies

Despite the advances in cancer treatment, the main goal of chemotherapy remains to achieve a selective effect
between a normal and a cancer cell?®®3%, In this sense, DNA has been the target of many drugs, as it plays an
essential role in the replication and cellular transmission of genetic information®*®. The DNA structure is
composed of a double helix, where each strand is made up of a combination of four chemical bases: adenine
(A), thymine (T), cytosine (C), and guanine (G), linked together by phosphodiester bonds. Each
complementary DNA strand is stabilized through hydrogen bonds between the base pairs adenine-thymine and
guanine-cytosine?®83%_ The anti-parallel double helix form of DNA results in a region where the two strands
are close to each other called the minor groove, and a region where they are away from each other, called the
main groove?*®3%_These differences in the DNA conformations provide binding sites for small molecules®®.
Cisplatin binds covalently to the DNA through intra and interstrand crosslinks with the nitrogens on the DNA
bases?®®. This binding mode is irreversible, causing the inhibition of DNA processes, leading to cell death?8.
Although the genomic DNA is the primary target of cisplatin, it can react with other cellular components,
including proteins, before reaching the target!®-3°1-3% Cisplatin firstly binds to DNA through monodentate
adducts and then forms bidentate adducts!8%-3°23% This monoadduct has a long lifetime and plays an important
role in the cytotoxicity of the drug, where the type of the formed crosslink is crucial®®.

The interactions of the GO0.5(COOPt(NH;):Cl)s, G2.5(COOPt(NH3).Cl)s>, and G2.5COO(Pt(NH3)2)16
metallodendrimers with calf thymus DNA (CT-DNA) were studied in vitro using UV-vis spectroscopy.
Cisplatin was also studied for comparison. The GO0.5(COOPt(NH;).Cl)s metallodendrimer was selected
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because it has a much lower ICso in all the cell lines studied than the remaining metallodendrimers. While
G2.5(COOPt(NH3)2Cl)3; and G2.5COO(Pt(NH3),)1s metallodendrimers were selected because it seems to be
the most suitable for loading the 5-FU due to its size. Figure 36 shows the absorbance spectra of solutions
containing different CT-DNA concentrations and a constant concentration of cisplatin-metallodendrimers. The
CT-DNA spectrum displayed broadband at 260 nm due to the chromophore groups adenine, cytosine, thymine,
and guanine. The spectra of the three metallodendrimers in the presence of increasing CT-DNA concentrations

presented a hyperchromic effect®®

. The same effect was noticed for cisplatin (see annex Figure C22). It is
known that cisplatin forms covalent adducts with DNA, resulting in hyperchromism due to a distortion in DNA
conformation from the adduct formation. Indeed, the hyperchromic effect happens from the presence of
charged cations, which readily react with DNA through crosslinks, where two bases of DNA are linked
together with the drug. For the metallodendrimers, a full release of cisplatin during 5 min incubation probably
did not occur, especially for the metallodendrimers in a bidentate form, even in the presence of chloride ions.
However, the PAMAM dendrimer also interacts with DNA through electrostatic bonds, leading to a
conformational change in the dendrimer-DNA complex that leads to DNA condensation®. So, other types of

interactions may contribute to the DNA helix disruption, as electrostatic interactions or the cisplatin-

metallodendrimers can also bind to DNA via the cisplatin monodentate form.
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Figure 36: UV-visible spectra of a) GO.5(COOPt(NH3),Cl)s, b) G2.5(COOPt(NH3),Cl)s; and ¢) G2.5COO(Pt(NH3)2)16
with increasing concentration of CT-DNA (0, 6.25, 12.5, 18.75, 25, 31.25, 37.5, 43.75 and 50 uM) in 5 mM Tris-HC1/50
mM NaCl at pH 7.4. The inset corresponds to the plot of Ao/(A-Ag) versus 1/[DNA], which is used to determine the
binding constant. The arrow indicates the direction of increasing the concentration of DNA.
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The DNA binding constant (Ks) of the compounds with CT-DNA was determined by UV-Vis spectroscopy
through the Benesi-Hildebrand equation, specifically from the ratio of the y-intercept to the slope in the plots
Ao/A-Ao vs. 1/[DNA]*,

The metallodendrimers showed a strong binding affinity with DNA compared to cisplatin (Table 10).
However, the G0.5(COOPt(NH3),Cl)s and G2.5(COOPt(NH3),Cl);» metallodendrimers had a Ky, value higher
than bidentate G2.5COO(Pt(NH3)2)16. Because, probably, this last was conjugated with cisplatin in a bidentate
form, being more difficult to release the cisplatin during the incubation time. The conjugation of PAMAM
dendrimer with cisplatin increased the Ky values, indicating a strong interaction of the -cisplatin-
metallodendrimers with the CT-DNA in the in vifro experiments. Nonetheless, it is important to emphasize
that the interactions observed in vitro may not be precisely what happens in vivo. In addition to the fact that
cisplatin was expected to be released near the target site, that is, in the cancer cells. Moreover, the Gibbs free
energy of the binding process was also determined, and the obtained negative values indicate a spontaneous
process (Table 10).

Table 10: Values of DNA binding constant (Kp) and Gibbs free energy (AG) of the GO0.5(COOPt(NH3).Cl)s,
G2.5COO(Pt(NH3)2)16 and G2.5(COOPt(NH3),Cl)3> metallodendrimers and free drug cisplatin. Data are represented as
mean + SD of two independent experiments.

K» - AG/ KJ mol?
G0.5(COOPt(NH3):Cl)s (26.6 = 0.07) x10° 25+0.07
G2.5(COOPt(NH:):Cl)s (19.7 £ 0.006) x10° 24074
G2.5COO(Pt(NHs)2)16 (13.8 + 0.003) x10° 23 £047
Cisplatin (1.3 £0.03) x10° 17 £0.58

3.3. Drug loading

3.3.1. Loading of 5-Fluorouracil

The 5-FU drug that was designed, synthesized, and patent in 1957 by Charles Heidelberger*®” was chosen as a
second drug to be transported by the metallodendrimers. Also, 5-FU is usually used to treat colorectal cancer
and ovarian cancer. Their metabolites intercalate with DNA/RNA damaging the cells during phase S, which
involves the replication of DNA and consequently induces cell apoptosis**=%. 5-FU also has the particularity
of being a hydrophobic drug with low aqueous solubility. Additionally, the PAMAM dendrimer has
hydrophobic internal cavities able to interact with poorly soluble drugs through hydrophobic interactions,
which makes them suitable for the encapsulation of 5-FU**. Furthermore, synergetic effects between cisplatin
and 5-FU have been reported in the literature®'®*!!, leading us to assess the possible existence of a similar

effect when 5-FU was encapsulated in our metallodendrimers.
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The G2.5COO(Pt(NH3)2)16 and G2.5(COOPt(NHs3)>Cl)s, metallodendrimers were selected to load 5-FU
because they have an RF value lower than free cisplatin are more selective for the A2780CisR cancer cells,
and due to its size, seems to be more appropriate to encapsulate the drug. However, despite the fact that
G0.5(COOPt(NH3).Cl)s metallodendrimer was considerably the best candidate since it has a more open
structure (due to the lower generation), not allowing it to do so the encapsulation of drugs®*-*'2313, The 5-FU
was encapsulated in the metallodendrimers by adapting the method described by Phung Le er al.*®. Briefly,
the metallodendrimers were dissolved in UPW, and then 5-FU was added to the solution. The unencapsulated
drug was removed by dialysis. The amount of encapsulated drug was subsequently calculated indirectly by
UV-Vis spectroscopy at the wavelength of 266 nm. The loading results of the metallodendrimers were
compared with the pristine PAMAM dendrimer G2.5(COONa)s,. As expected, the G2.5(COONa)s»/5-FU
PAMAM dendrimer has a higher loading efficiency than metallodendrimers since it does not have metal
centers coordinated in its terminal groups, allowing 5-FU enters without hindrance (Table 11). Follows by
G2.5COO(Pt(NH3)2)16/5-FU metallodendrimer conjugated to cisplatin in a bidentate form that has fewer
platinum metal centers (16 metal centers), allowing the drug to enter its cavities since the surface was not
densely compacted. The G2.5(COOPt(NH3),Cl)32/5-FU metallodendrimer conjugated to cisplatin in a
monodentate form, on the other hand, has a high surface density of end groups due to the greater number of
platinum metal centers (32 metal centers) coordinated in the terminal groups. The same occurs with the loading
capacity, which decreased with the increase in the number of metal centers coordinated to the terminal groups
of the PAMAM dendrimer. The calculation of the number of 5-FU molecules that were encapsulated in each
metallodendrimer/5-FU and the PAMAM dendrimer/5-FU is represented in Table 11. It can be observed that
the G2.5(COOPt(NH3)>Cl)3,/5-FU system has 12 encapsulated molecules and the G2.5COO(Pt(NH3),)1¢/5-FU
has 13 encapsulated molecules, which explains the difference in the loading capacity. However, in the
(G2.5(COONa)3/5-FU, although the loading capacity was higher compared to metallodendrimers/5-FU (LC =
31.72%) the number of loaded 5-FU molecules is only 13, the same as G2.5COO(Pt(NH3)»)16/5-FU.

Table 11: Loading efficiency (LE%), loading capacity (LC%) of 5-FU into G2.5COO(Pt(NH3).)1s and
G2.5(COOPt(NHj3),Cl)3, metallodendrimers, and into the anionic PAMAM dendrimer G2.5COONa (n=3), and number
of encapsulated 5-FU molecules.

LE% LC% N° of molecules encapsulated®
G2.5COO(Pt(NH3)2)16/5-FU 82.25+35 26.30+6.63 13
G2.5(COOPt(NH3):CD32/5-FU 77.45 £ 5.09 12.54+1.48 12
G2.5(COONa)s2/5-FU 86.14+1.74 31.72+0.95 13

2 The number of molecules encapsulated was calculated from the following equation,
i =n (drug)/n (dendrimer), where n (drug) = m (encapsulated drug)/MM (drug) and n (dendrimer) = m (dendrimer)/ MM
(dendrimer) and i the number of encapsulated molecules.
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It is known that the loading capacity measures the capacity of a nanocarrier to encapsulate the drug. This
loading capacity indicates the amount of drug loaded per unit weight of metallodendrimer, which depends on
various factors, including their interactions and the number of active sites. At the same time, loading efficiency
is defined as the percentage of the drug that is successfully encapsulated®*3!*. The interactions of 5-FU
molecules with PAMAM dendrimer in its internal cavities occur mainly through hydrogen bonds due to the
presence of oxygen and nitrogen atoms and van der Waals interactions’®*'¢. As such, the UV-Vis spectrum of
the G2.5COO(Pt(NH3)2)16/5-FU and G2.5(COOPt(NH3).Cl)32/5-FU were performed (Figure 37a). Except for
the G2.5(COOPt(NH3),Cl)32/5-FU metallodendrimer, where the absorbance slightly increased, the decrease in
the absorbance intensity at 266 nm>'’ (the characteristic maximum absorption band of 5-FU) confirmed the
encapsulation of 5-FU in the selected compound. Indeed, after the loading of 5-FU, the
G2.5(COOPt(NH3)2C1)32/5-FU metallodendrimer conjugated with cisplatin in a monodentate form had an
absorption more intense than the bidentate G2.5COO(Pt(NH3)2)16/5-FU metallodendrimer. This suggests that
the type of cisplatin conjugation influences the absorption of the metallodendrimer/5-FU system. Furthermore,
suppression of the shoulder was observed in the spectrum of the metallodendrimer, indicating the encapsulation
of 5-FU within the dendrimer, although no significant shifting was observed®!®*!8. In addition, in fluorescence
experiments, no significant changes in the fluorescence intensity were observed for the
G2.5COO(Pt(NHs3)2)16/5-FU, G2.5(COOPt(NH3),Cl1)32/5-FU and G2.5(COONa)s,/5-FU when compared with
5-FU (Figure 37b). However, considerable differences in fluorescence intensity were observed for the
G2.5COO(Pt(NH3)2)16/5-FU and G2.5(COONa)3/5-FU when compared to the non-encapsulated
metallodendrimers (Figure 34 and Figure All, respectively). Indeed, the fluorescence intensity decreased
more than four times, which indicates a possible quenching effect. In fact, a study found in the literature

demonstrates that 5-FU induces fluorescence quenching when interacting with human serum albumin®"’.
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Figure 37: a) UV-vis spectra G2.5COO(Pt(NH3)2)16/5-FU, G2.5(COOPt(NH3),Cl)32/5-FU, G2.5(COONa)3,/5-FU and 5-
FU and b) Emission (Aex = 380 nm) spectra of G2.5COO(Pt(NH3)2)i16/5-FU, G2.5(COOPt(NH3),Cl1)32/5-FU,
G2.5(COONa)3,/5-FU and 5-FU with the same amount of 5-FU (10 pg) in UPW.

As presented in Table 12, the zeta-potential measured for the 5-FU is positive. Nevertheless, in an aqueous
solution, the 5-FU charge is dependent on pH. Therefore, at pH values above 8, the 5-FU deprotonates to form
anionic structures, while below pH 8 the 5-FU becomes protonated, forming different cationic structures®?.
As the water used in zeta-potential measurements had a pH value around 6.5, and after dissolving the 5-FU
the pH of the aqueous solution was 4.9, the 5-FU presented a positive charge. In regards to the 5-FU
encapsulation within the metallodendrimers, it can be observed that the zeta-potential for
G2.5(COOPt(NH3)2C1)32/5FU and G2.5COO(Pt(NH3),)16/5FU decreased after 5-FU loading, which is in good
agreement with the literature®'® while for G2.5(COONa)s,/5FU the charge slightly increases confirming, in

general, the expected encapsulation of the drug.
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Table 12: Zeta-potential of 5-FU, G2.5(COOPt(NH3),Cl);»/5FU, G2.5COO(Pt(NH3)2)16/SFU and G2.5(COONa)s»/5FU
(n=3) in filtered UPW.

Compounds Zeta-potential (mV)
5-FU 448+ 0.74
G2.5(COOPt(NHs3)>Cl)32 7.99 +1.00
G2.5(COOPt(NH3s)2CD32/5FU -0.52+0.20
G2.5COO(Pt(NH3)2)16 2.96+0.72
G2.5COO(Pt(NHs)2)16/5FU -5.29 + 0.31
G2.5(COONa)3; -47.77 £1.46
G2.5(COONa)s2/SFU -41.13 = 0.49

The FTIR analysis also supported the encapsulation of 5-FU. The FTIR spectrum of the
G2.5(COOPt(NH3)2C1)32/5FU and G2.5COO(Pt(NH3)2)16/5FU systems are shown in Figure C24 (see annex).
The characteristics absorption bands of G2.5(COOPt(NH3),Cl);, metallodendrimer, such as the amide I band,
C=0 stretching at 1647 cm™, and amide II band N-H bend at 1581 cm™ were shifted to 1644 cm™ and 1586
cm! in the G2.5(COOPt(NH;).Cl)32/5FU, due to the hydrogen bonding between the metallodendrimer and
drug®'®. Also, the shift of the 5-FU carbonyl group, from 1658 cm™ to 1644 cm™, and the C-F stretching band,
from 1244 cm™ to 1249 cm™, indicates the encapsulation of the drug®'. Similar shifts were also observed in
the G2.5COO(Pt(NH3)2)16/5FU system when compared to the G2.5COO(Pt(NH3),)16 metallodendrimer for the
amide I and amide II, 1645 cm™ to 1639 cm™ and 1587 cm™ to 1582 cm™, respectively. The bands of 5-FU
shifted from 1658 cm™ to 1639 cm™ for the carbonyl group and the band of the C-F group from 1244 cm™ to
1249 cm™. A similar result was likewise observed for the G2.5(COONa)3,/5-FU. A shift of amide I from 1638
cm™ to 1644 cm™ and amide IT from 1564 cm™ to 1586 cm™ after the 5-FU encapsulation. The C-F band of 5-
FU shifted to 1262 cm™, as the carbonyl band to 1644 cm™ (see annex Figure C25).

In addition to these characterizations, the G2.5(COOPt(NH3),Cl)3»/SFU, G2.5COO(Pt(NH3)2)16/SFU and
G2.5(COONa)/5-FU  systems were characterized by NMR (‘H, "C, and YF). The
G2.5(COOPt(NH3)2C1)32/SFU (Figure 38), displayed an upfield shift of the protons in the 'H-NMR spectrum
compared to the metallodendrimer G2.5(COOPt(NH3),Cl)3,. Only the proton signal that is linked to the carbon
C-6 in 5-FU is visible, although no significant shift is observed. In the *C-NMR spectrum (Figure 39), a shift
was observed for the carbon signals, being more significant in the carbon signal linked before the amide group
from 29.99 to 29.85 ppm and after the amide group from 29.46 to 29.26 ppm. These shifts indicated that the
amide groups of the metallodendrimer is the major interaction with 5-FU. The signals related to the carbons
C-5 and C-6 of 5-FU also did not shift significantly, and the signals of the carbons C-2, C-4 were not visible

in the spectrum. These signals correspond to the carbonyl group, which probably are protonated and bonding
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to the metallodendrimer. The fluorine group of 5-FU did not shift (Figure 40) after encapsulation which
indicates that this group don't interact with the metallodendrimer G2.5(COOPt(NH3),Cl)3,/5-FU.
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Figure 38: 'H-NMR spectrum of G2.5(COOPt(NH3),Cl)32, G2.5(COOPt(NH3),Cl)3/5FU and 5-FU in D-O.
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Figure 40: YF-NMR spectrum of G2.5(COOPt(NH3),Cl)3»/5FU and 5-FU in D,O.
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In the G2.5COO(Pt(NH3),)16/5FU system, an upfield shift in the "H-NMR spectrum was visible (Figure 41).
From the “C-NMR spectrum (Figure 42), the carbon that is bound before the amide carbon shifted from 30.08
to 29.89 ppm, as well the carbons that were bound after the amide group just below the surface shifted from
34.13 to 33.97 ppm. A shift is also observed in the carbons before and after the tertiary amines. As for the
signals of the 5-FU, only the peak of the C-6 carbon in the complex was visible. The remaining carbons related
to fluorine and the carbonyl group (C = O) are probably protonated and involved in bonding with the complex.
In fact, in the YF-NMR spectrum (Figure 43), a shift of the fluorine group was observed from -168.77 to -

168.52 ppm, as well as it was observed the presence of a new signal with lower intensity at -166.23 ppm.
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Figure 41: 'H-NMR spectrum of G2.5COO(Pt(NH3)2)16, G2.5COO(Pt(NH3)2)16/SFU and 5-FU in D,0.
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Figure 42: “C-NMR spectrum of G2.5COO(Pt(NH3)2)16, G2.5COO(Pt(NHs)2)16/SFU and 5-FU in D,0.
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Figure 43: YF-NMR spectrum of G2.5COO(Pt(NH3)2)16/5FU and 5-FU in D,O.
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In the 'H-NMR spectrum of G2.5(COONa)s,/5-FU (Figure 44), a downfield shift of the protons after 5-FU
encapsulation was observed, unlike the metallodendrimers. Particularly in the signals of methylene protons
present at tertiary amine groups as well as the methylene protons of the amide group. From the *C-NMR
spectrum of G2.5(COONa)3,/5-FU (Figure 45), a shift in the carbon was observed, being more significant in
the carbon signals bonded after to the tertiary amine group from 49.78 to 50.13 ppm in the interior of the
complex and in the carbon bonded after the amide group just below the surface from 34.91 to 34.20 ppm. The
amide carbons' signals inside the dendrimer shifted from 178.82 to 177.57 ppm and corroborated that the 5-
FU is inside the dendrimer and not on its surface. Besides, the carbon signal of the carboxylic end groups did
not shift. Also, a shift on the 5-FU carbons was verified, with the carbon signal of C-2 disappearing and the
carbon C-4 shifting from 159.74 to 156.78 ppm. These can be explained due to the protonation of the carbonyl
groups and their interaction with the dendrimer. Another observation was the downfield shift of the fluorine
signal (Figure 46), suggesting its interaction with the dendrimer. In conclusion, the 5-FU was encapsulated
inside the metallodendrimers and the PAMAM dendrimer, interacting essentially with the tertiary amine and

amide groups of the dendrimer structure and the carbonyl and fluorine groups of 5-FU.
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Figure 44: 'H-NMR spectrum of G2.5(COONa)s,, G2.5(COONa)3,/5-FU and 5-FU in D,0.
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Figure 46: “F-NMR spectrum of G2.5(COONa)s»/5-FU and 5-FU in D,O.
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3.3.2. Cytotoxicity of the complex

The A2780CisR and CACO-2 cancer cell lines were used to study the cytotoxicity of the
G2.5COO(Pt(NH3)2)16/5-FU and G2.5(COOPt(NH3),Cl)32/5-FU systems. These two cancer cell lines were
selected since 5-FU is used as the first chemotherapeutic line in the treatment of colorectal cancer, although
the treatment success is only 15% due to its low bioavailability and causes severe toxic effects’???*. The
cisplatin-resistant cell line, A2780CisR, was also used because 5-FU is applied to treat ovarian cancer®?. The
results are presented in Figures C20 and C21 (see annex) and ICsy values in Table 13. The
G2.5COO(Pt(NH3)2)16/5-FU and G2.5(COOPt(NH3).Cl)32/5-FU systems had an ICsp much lower in both
cancer cell lines than free 5-FU and G2.5(COONa)s./5-FU, due to the presence of the metallic fragments that
should also be released with time. In the A2780CisR cells, the ICso value increased when comparing the non-
loaded with the loaded metallodendrimers. With the CACO-2 cancer cells, the ICso value decreased from >10
uM to 0.61 uM for the G2.5COO(Pt(NH3)2)16 and G2.5COO(Pt(NH3)2)16/5-FU, respectively and from 6.25
M to 1.07 pM for the G2.5(COOPt(NH3):Cl)s» and G2.5(COOPt(NH3)>Cl)32/5-FU, respectively. This
indicates that cisplatin enhances the effect of 5-FU as a chemotherapeutic agent in this cancer cell line.
However, the cytotoxicity of the cisplatin metal dominates over the 5-FU cytotoxicity, as can be observed by

the ICsq values reported.

Table 13: ICso values of the prepared cisplatin-metallodendrimers toward A2780CisR and CACO-2 cancer cell lines.
Results are expressed as mean + SD three independent experiments performed in triplicate.

A2780CisR CACO-2
ICso + SD (uM) ICso + SD (uM)
5-Fu > 154 > 154
G2.5(COOP(NH3):Cl)32/5-FU* 0.40 + 0.07 1.07£0.07
G2.5COO(Pt(NH3)2)16/5-FU* 0.39+0.03 0.61+02
G2.5(COONa)3/5-FU* >25 >2.5

* For the calculation of the MW, the estimated number of 5-FU molecules carried by the dendrimer was taken into
account.

However, comparing both metallodendrimers/5-FU, the G2.5COO(Pt(NH3)2)16/5-FU had a lower ICso than the
G2.5(COOPt(NH3)2Cl)32/5-FU, only in the cancer cell line CACO-2, probably because it has one more 5-FU
molecule encapsulated in its internal cavity.

On the contrary, although G2.5(COONa);»/5-FU, has the same encapsulated number of 5-FU molecules, 13,

the ICso was higher 2.5 uM, meaning that cisplatin enhances the 5-FU anticancer activity.
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Moreover, when compare with the respective metallodendrimer, both G2.5(COOPt(NH3),Cl)3,/5-FU and
G2.5COO(Pt(NH3)2)16/5-FU had a much lower ICso for CACO-2 cancer cell line, being, respectively, 5 and

14 times more efficient.

3.3.3. Hematoxicity of the complex

The hematoxicity of metallodendrimers encapsulated with 5-FU, the anionic PAMAM dendrimer, and the 5-
FU were evaluated using red blood cells from healthy blood. 5-FU, as a free anticancer drug, has hematological
toxicity, and in basic medium, undergo degradation. To minimize these undesirable effects, the use of a drug
delivery system is a promising strategy’”. The hematoxicity results (Figure 47) showed that
G2.5COO(Pt(NH3)2)16/5-FU and G2.5(COOPt(NH3).Cl)32/5-FU systems at concentrations 0.1 and 1 pg/mL
were not hemotoxic, with only 5% of hemolysis. Almost the same result was obtained for the negative control,
4%. The same hemolysis percentage was verified for the 5-FU. However, in the case of the G2.5(COONa)3/5-
FU system, the hemolysis was slightly higher (ca. 7%). Besides, when the 5 pg/mL concentration was used,
the hemolysis increased to a value between 24-26% for all the compounds. Nevertheless, the
G2.5(COONa)3/5-FU continued to be the one with higher hemolysis, even though the difference was
irrelative, around 1-2%. In conclusion, the increase observed in the hemolysis % could be attributed to the

presence of 5-FU.
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Figure 47: Hematoxicity of the free 5-FU, G2.5(COONa)s,/5-FU and cisplatin-metallodendrimers/5-FU in healthy
human blood. Blood was treated for 3 h with different concentrations (0.1, 1, and 5 pg/mL) of the metallodendrimers and
free 5-FU. The positive and negative control are represented by C* and C', respectively. The results are expressed as mean
+ SD of at least three independent experiments performed in triplicate.
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3.3.4. Invitro drug release

The drug release profile of 5-FU from the metallodendrimers and anionic PAMAM dendrimer was studied in
two different pHs media (5 and 7.4) at 37°C. These pH values were selected because the pH around cancer
cells is between pH 5-6.5 and the physiological pH of our body is 7.4. From Figure 48, it can be observed, an
initial faster release of 5-FU from G2.5COO(Pt(NH3)2)16/5-FU, G2.5(COOPt(NH3),Cl)3,/5-FU and
G2.5(COONa)3/5-FU systems, which started to be a long time sustained-release. However, the
G2.5COO(Pt(NH3)2)16/5-FU had a lower drug release compared with the other two systems. At pH 7.4 (Figure
48a), the 5-FU achieved 82% cumulative release after 24 h. In G2.5(COOPt(NH3)>Cl)3,/5-FU  and
G2.5COO(Pt(NH3)2)16/5-FU systems, the drug release reach 53% and 33% respectively in 24 h. The
G2.5(COONa)3/5-FU system had a cumulative release of 43% at 24 h. Since 5-FU has a short time in
circulation blood, where after 1 h of administration 95% is eliminated or metabolized**, the drug release
behavior of the metallodendrimers/5-FU presented a significant advantage because it prolongs the
bioavailability of the drug. At pH 5 (Figure 48b), the cumulative release of 5-FU is 80% after 24 h. For the
G2.5(COOPt(NH3)2Cl)32/5-FU, the 5-FU was released after 24 h in 66%, and for the G2.5COO(Pt(NH3)2)16/5-
FU, 38%. The G2.5(COONa)s/5-FU releases 46% in the same period. As verified in pH 7.4, the
G2.5COO(Pt(NHs3)2)16/5-FU also showed a lower drug release in pH 5 than the other systems. It seems that the
way of how cisplatin was conjugated to the dendrimer influences the 5-FU release, which in this case is the
bidentate form. On the other hand, at pH 5, 5-FU was released faster from the metallodendrimers than at pH
7.4, making our systems sensitive to the pH. Consequently, the drug is selectively released in a higher amount

in the cancer cells, as they have an acid pH microenvironment.
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Figure 48: Release profile of 5-FU from cisplatin-metallodendrimers and anionic PAMAM dendrimer at pH 5 and 7.4 at
37°C.
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4. Conclusions

In this work, it was explored the conjugation of the anionic PAMAM dendrimers half-generations (G0.5-G3.5)
with cisplatin in mono and bidentate forms. These two forms of cisplatin conjugation were performed to see
which one was the most efficient for cisplatin delivery and to overcome the side effects associated with this
drug. In addition, the evaluation of the synergetic effect of 5-FU with cisplatin in both conjugated forms was
also studied. Our results indicated that the surface of PAMAM dendrimers was conjugated successfully to the
cisplatin complex in two different forms, the mono and the bidentate. After their characterization, they were
evaluated against four cancer cell lines (A2780Cis, A2780, MCF-7, and CACO-2) and a non-cancer cell line
(BJ). The cytotoxicity results show that the monodentate GO.5(COOPt(NH3),Cl)s and G2.5(COOPt(NH3)Cl)3»
metallodendrimers were more cytotoxic in all the cancer cell lines tested when compared with the free cisplatin
and also with the remaining metallodendrimers. Their compatibility with the blood cells was studied through
a hematoxicity assay, and the results demonstrated that the metallodendrimers were not toxic regarding
hemolysis at all the concentrations used. For further studies, the GO0.5(COOPt(NHz3).Cl)s,
G2.5COO(Pt(NH3)2)16, and G2.5(COOPt(NH3),Cl)32 were selected to perform DNA binding assays. The DNA
binding results showed a strong interaction between the metallodendrimers and CT-DNA compared to free
cisplatin. The 5-FU was encapsulated within the G2.5COO(Pt(NHs):)1s and G2.5(COOPt(NH3).Cl)s,
metallodendrimers to investigate if they could increase their anticancer effect using a second drug. Also, their
cytotoxicity was evaluated using two cancer cell lines, A2780CisR and CACO-2. In the CACO-2 cancer cells,
the G2.5COO(Pt(NH3)2)16/5-FU and G2.5(COOPt(NH3).Cl)3,/5-FU systems showed to be 16 and 6 times more
efficient, respectively, than the respective metallodendrimers, suggesting that in this case, cisplatin enhances
the 5-FU anticancer activity. Nevertheless, the cytotoxicity of cisplatin apparently dominated over the 5-FU
cytotoxicity. The in vitro release studies demonstrated that the complexes release the 5-FU more slowly than
free 5-FU in both pH values. However, when comparing the G2.5COO(Pt(NH3),)i6/5-FU and
G2.5(COOPt(NH3)2C1)32/5-FU systems, the G2.5COO(Pt(NH3),)16/5-FU retained more the drug, releasing the
5-FU slower than G2.5(COOPt(NH3),Cl)32/5-FU and G2.5(COONa)s,/5-FU. In addition, it was verified that
at pH 5, the 5-FU released faster from the metallodendrimers at pH 7.4, suggesting that the systems are
sensitive to the pH. In summary, and to confirm the promising results obtained in vitro, in vivo experiments

should be done with the cisplatin-metallodendrimers alone or combined with 5-FU.
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Chapter I1I — Improving the efficacy of DACHPt and 5-FU anticancer drugs using anionic PAMAM dendrimers as drug
delivery system

1. Introduction

Nowadays, platinum compounds are the most widely used chemotherapeutic drugs to treat several types of
cancer'®. Amongst the new generations of platinum compounds'®’, those with the 1,2-diaminocyclohexane as
a carrier ligand has received attention in recent years since it has a different mechanism of action compared to
cisplatin!%-169.200.208.215219 ‘(Qxaliplatin, a third-generation platinum anticancer drug, is a chemotherapeutic drug
used in the frontline to treat, particularly, colorectal cancer due to its exceptional activity'*®. The DACHPt unit
of oxaliplatin plays an important role in cytotoxicity once the DACH chiral and bulky ligand induces a
conformational distortion in DNA different from that caused by cisplatin, forming adducts that are more
hydrophobic and distinctively interfere with DNA replication and transcription®*2%-21>_ Despite its efficacy in
treating colorectal cancer, the associated side effects of oxaliplatin, such as neurotoxicity, can be severe and
limit the dose applied to the patient, which may compromise the therapy efficacy!'¢>3?¢. Oxalate, the leaving
group in oxaliplatin, is a recognized calcium chelator related to its neurotoxicity effects®?. Furthermore,
oxaliplatin is usually used in a combination regimen with other chemotherapeutic drugs to treat stage III of
colorectal cancer and their recurrences, as mentioned earlier, such as the chemoprotectant reduced form,
usually known as FOLFOX. The combination with 5-FU is often used and showed a synergistic effect in the
treatment, even in tumors resistant to oxaliplatin'’>?7. Accordingly, in this work, we explored the possibility
of using anionic PAMAM dendrimers as nanocarriers for the DACHPt active fragment. This strategy
eliminates the need to use oxalate as a drug component and, in addition, allows us to deliver the 5-FU
anticancer drug simultaneously. For this purpose, several half-generation of PAMAM dendrimers (G0.5-G3.5)
with carboxylate end-groups were functionalized with 1,2-diaminocyclohexane-platinum(Il), DACHPt
moiety. The synthesized DACHPt-metallodendrimers were characterized by suitable physicochemical
techniques (NMR (*H, *C, and '*Pt), FTIR, UV-vis and fluorescence spectroscopy, zeta-potential, mass
spectrometry (MS) and elemental analysis (EA)). Afterward, their biological behavior was evaluated in vitro
in different cancer cell lines and the DNA binding and hematoxicity assays were also performed. Then, the
metallodendrimer G2.5COO(DACHPt)is was selected to carry 5-FU molecules, and the effect of the
combination of the two drugs was likewise evaluated in vifro against two cancer cell lines, A2780CisR and
CACO-2. As far as we know, this is the first study that integrates the active fragment of oxaliplatin and the 5-
FU drug together in a dendrimer scaffold as a new approach for the simultaneous delivery of these two drugs

aiming at reducing the side effects, such as neurotoxicity and neuropathy.

2. Materials and Methods

2.1. Materials

All the chemicals were used as received, except the anionic PAMAM dendrimers half-generations G0.5 (19.19
w/w % in methanol), G1.5 (20.03 w/w % in methanol), G2.5 (9.98% w/w in methanol) or G2.5 (3.43 w/w %

in water) and G3.5 (10.04 w/w % in methanol) with an ethylenediamine core (purchase from Dendritech®
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Inc.) that were purified by dialysis before its use to eliminate further impurities. Trans-1,2-
Diaminocyclohexane (99%), and [(1R,2R)-cyclohexane-1,2-diamine](ethanedioato-O,0")platinum(II)
(oxaliplatin 99%) were bought from Acros Organics, 5-fluoro-1H-pyrimidine-2,4-dione (5-Fluorouracil, 99%)
from TCI chemicals. Deoxyribonucleic acid sodium salt from the calf thymus (CT-DNA) and 4,6-diamino-2-
phenyindole dilactate (DAPI) were obtained from Sigma-Aldrich. Dialysis membranes (MWCO 500-1000 Da,
2000 Da, 3500 Da, 6000-8000 Da) were obtained from SpectrumLabs. The remaining reagents were acquired
from Acros organics and Fisher scientific. The ultrapure water (UPW) was obtained with a Milli-Q Direct 8
Water Purification System with a resistivity higher than 18.2 MQ-cm. All the media, solutions, and reagents
used for cell culture manipulation were purchased from Life Technologies (Thermo Fischer Scientific) unless
otherwise stated. The healthy human blood was supplied by Hospital Dr. Nélio Mendonga, Funchal
(SESARAM) under the collaboration between the University of Madeira/Centro de Quimica da Madeira and
the SESARAM hematology service.

2.2. Synthesis

The methodology used for the preparation of trans-(R,R)-1,2- diaminocyclohexanedichloroplatinum(II)
(DACHPtCl,) was adapted from the patent USOO8637692B2%7. The synthesis of DACHPt-

metallodendrimers was based on the procedure described by Gordon Kirkpatrick et al.*?

, Hoang Nguyen et
al. % and Ngoc Tran et al.*®?. For the conjugation of the anionic PAMAM dendrimers to the DACHPt moiety,
the bidentate form of conjugation was used.

Oxaliplatin was not used, because the leaving group oxalate is a recognized calcium chelator that is associated
with neurotoxicity effects’?®. In addition, the purpose of this group is only to increase the solubility of
oxaliplatin. So, this strategy eliminates the use of the oxalate group as a drug component, as DACHPt is the

active fragment, and at the same time allows us to deliver the 5-FU anticancer drug simultaneously.

2.3.1. Preparation of DACHPtCl:

For the preparation of DACHPtCl,, 0.35g of potassium tetrachloroplatinate (0.84mmol) was dissolved in 17.5
mL of UPW. Then, 0.1g of trans-(R ,R)-1,2-diaminocyclohexane (0.87mmol; 1.03 eq. mol) in 5.5 mL of UPW
was added dropwise to the mixture under stirring. The reaction was left in the dark at r.t. for 7h (Scheme 9). A
change in the color of the solution from red to toasted yellow was observed (yellow suspension). The yellow
precipitate (DACHPtCl) was filtrated through a 0.22 um nylon filter, washed with 40 mL of distilled water,
30 mL of methanol and acetone, and dried in vacuum for 1 h. A yellow powder was obtained with a 59% of
yield (0.19 g). '"H-NMR (400 MHz, D,0) [ppm]: &= 1.13 (3,3 a-H; m, 2H), 1.26 (2,2’ o -H; m, 2H), 1.55 (3,3’
B-H; d, 2H), 2.01 (2,2’ B-H; d, 2H), 2.40 (1,1°; m, 2H) and 3.39 (NH, broad, 4H). FTIR: v = 3186 cm™* (N-H
amine), 3276 cm™ (N-H amine), 1566 cm™ (N-H amine), 2865 cm™ (C-H), 2935 cm™ (C-H). UV/Vis: 212 nm

maximum absorption wavelength. Fluorescence: Aem, max= 429 nm (for Aex = 380 nm, in UPW).
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Scheme 9: Synthesis of DACHPtCl, compound, active part of oxaliplatin.

2.3.2. Aquation of DACHPtClL:

In the aquation process, silver nitrate was used to remove both chloride ligands from DACHPtCl,. As such,
0.18 g of DACHPtCI; (0.48 mmol) was dispersed in 100 mL of UPW. Then, an aqueous solution of 0.16g of
AgNO;3 (0.9 Smmol, 2 eq. mol) in 6.5 mL of UPW was added dropwise to the mixture under stirring. Then the
solution was left under nitrogen atmosphere and stirring for 24 h at r.t. protected from light (Scheme 10). After
that time, a “milky-white” precipitate (silver chloride precipitate) was observed, indicating the formation of
the DACHPt(H>0). complex. The silver chloride precipitate was removed by centrifugation at 15000 rpm for
1.5 h at 25°C. The remaining supernatant was filtrate through a 0.22 pum nylon filter and freeze-dried for 3
days. In the end, a sand color powder was obtained with 86% yield (0.14 g). "TH-NMR (400 MHz, D-O) [ppm]:
&= 1.14 (3,3’a-H; m, 2H), 1.30 (2,2’ a -H; m, 2H), 1.56 (3,3’ B-H; d, 2H), 2.03 (2,2’ B-H; d, 2H) and 2.39
(1,1’; m, 2H). *C-NMR (100 MHz, D-O) [ppm]: 8= 23.22 (3,3”), 30.66 (2, 2’) and 62.39 (1,1°).

H
N

1 1

\Pt/ + AgNO; @ ———7>

/ \ 24h atr.t.
N ! in water

b Cl
H,

2NO; + 2 AgCl (s)

DACHPICl, DACHPt(H,0),

Scheme 10: Synthesis of DACHPt(H>O), compound.

2.3.3. Preparation of DACHPt Metallodendrimers
2.3.3.1. PAMAM dendrimer Generation 0.5 - G0.SCOO(DACHPt)4

The DACHPt(H,0), complex (0.086 g, 0.25 mmol, 4.5 eq. mol) was dispersed in 35 mL of UPW. Then, 0.07g
(0.06 mmol) of GO.5COONa PAMAM dendrimer was dissolved in 5 mL of UPW and added dropwise to the
mixture under stirring. The mixture was left to react for 24 h at r.t. in dark under nitrogen atmosphere (Scheme
11). The resulting solution was purified using a dialysis membrane (MW 500-1000 Da) for 7 h in distilled
water. After freeze-dried, a “greenish-yellow” hygroscopic powder was obtained with 92% yield (0.12 g). 'H-
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NMR (400 MHz, D,0) [ppm]: 8= 1.18 (3,3’0-H; m, 12H), 1.30 (2,2’ o -H; m, 8H), 1.61 (3,3’ B-H; d, 10H),
2.05 (2,2’ B-H; d, 10H), 2.43 (1,1’; m, 10H), 2.63 (H. + H,, m, 25H), 2.97 (H, + H,, m, 13H), 3.24 (H,, SH),
3.31 (Hy, 16H) and 3.61 (H, 8H). *C-NMR (100 MHz, D,0) [ppm]: 8=23.32 (3,3"), 30.73 (Cc), 31.01 (2, 2°),
31.40 (Cy), 34.35 (Cy), 48.61 (C, + Cy), 50.27 (Cy), 50.94 (Cb), 62.02 (1,1°) and 177.83 (C,). “"Pt-NMR (86
MHz, D,0) [ppm]: 8= -2313.58. FTIR (KBr pellet): v = 1584 cm! (amide II, N-H and C-N), 1618 cm™! (C=0),
2890 cm! (C-H), 2934 cm! (C-H), 3231 em! (N-H stretch of the amine group of DACHPt) and 3469 cm™! (N-
H). Fluorescence: Aem max= 457 nm (for Aex = 380 nm, in UPW). TOF-MS (MALDI) calc. m/z=2014.75, found
m/z=2014.70 [M+H"] CesH117N16020Pts™. EA (%) calc.: C 36.21, H 5.56, N 10.86, found: C 24.62, H 5.53, N
9.03 (hygroscopic compound).

H,
V.. OH>
| ]/ P
"N OH,
k //0 H,
})Na 3 H,0. dark. r.t..24h N

Scheme 11: Representation of the synthesis of the PAMAM dendrimer G0.5 functionalized with DACHPt(H»0),
complex, GO.5COO(DACHPt),.

2.3.3.2. PAMAM dendrimer Generation 1.5 - G1.5COO(DACHPt)s

The DACHPt(H,O), complex (0.05 g, 0.15 mmol, 8.5 eq. mol) was dispersed in 27 mL of UPW. Then, 0.05 g
(0.02 mmol) of G1.5COONa PAMAM dendrimer was dissolved in 6 mL of UPW and added dropwise to the
solution under stirring. The mixture was left to react for 30 h at r.t. in dark under nitrogen atmosphere (Scheme
12). The resulting solution was then purified using a dialysis membrane (MW 2000 Da) for 6 h in distilled
water and freeze-dried. A hygroscopic grey powder was obtained with 77% yield (0.07 g). 'H-NMR (400 MHz,
D,0) [ppm]: &= 1.20 (3,3’c-H; m, 22H), 1.32 (2.2’ o -H; m, 16H), 1.61 (3,3’ B-H; d, 18H), 2.07 (2,2’ B-H; d,
20H), 2.47 (1,1°; m, 21H), 2.52 (H. + H;, m, 38H), 2.62 (Ho, 36H), 2.72 (H, + H,, 26H), 2.94 (H,, 48H) and
3.30 (Hm, 28H), 3.35 (Hy + Hs, m, 44H) and 3.63 (H;+ H;, m, 16H). 3C-NMR (100 MHz, D,0) [ppm]: 8=
23.47 (3,3), 30.38 (C,), 31.06 (2, 2°), 31.66 (Ci + Co), 34.24 (Cs+ Cy), 48.52 (Cy, + Ci), 50.33 (Cn), 50.98 (C,
+Cg+ Cu), 61.92 (1,17), 174.68 (Cq) and 177.55 (C,). *Pt-NMR (86 MHz, D,0) [ppm]: 5= - 2321.68. FTIR:
v = 1582 ecm! (amide II, N-H and C-N), 1639 cm™ (C=0), 2859 cm™ (C-H), 2939 cm’! (C-H), 3278 cm-! (N-
H stretch of the amine group of DACHPt) and 3460 cm™ (N-H). Fluorescence: Aem, max= 454 nm (for Aex = 380
nm, in UPW). TOF-MS (ESI +) calc. m/z = 1008.58, found m/z = 1008.98 [M+5H"] C15sH203N4,044Pts°". EA
(%) calc.: C37.65,H5.76, N 11.67, found: C 32.12, H 5.95, N 10.40 (hygroscopic compound).
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Scheme 12: Representation of the synthesis of the PAMAM dendrimer G1.5 functionalized with DACHPt(H-O),
complex, G1.5COO(DACHPt)s.

2.3.3.3. PAMAM dendrimer Generation 2.5 - G2.5COOPt(DACHPt)16

The DACHPt(H,0), complex (0.1 g, 0.29 mmol, 16.5 eq. mol) was dispersed in 41 mL of UPW. 0.11 g (0.02
mmol) of G2.5COONa PAMAM dendrimer was dissolved in 10 mL of UPW and added dropwise to the
mixture under stirring. The reaction mixture was left to react for 40 h at r.t. in dark under nitrogen atmosphere
(Scheme 13). Then, the mixture was purified using a dialysis membrane (MW 3500 Da) for 6 h in distilled
water and freeze-dried. A dark brown hygroscopic solid was obtained with 78% yield (0.14 g). 'H-NMR (400
MHz, D;0) [ppm]: 6= 1.20 (3,3’a-H; m, 23H), 1.34 (2,2’ a -H; m, 20H), 1.61 (3,3’ B-H; d, 20H), 2.07 (2,2’
B-H; d, 20H), 2.38 (1,1°; m, 12H), 2.65 (H. + H; + H, + Hy, m, 146H), 3.00 (Ha + Hw + H, + Hs, m, 92H), 3.21
(H¢+ H,, 23H), 3.40 (H, + Hy + Hy + Hy, m, 131H) and 3.67 (H;, 32H). 3C-NMR (100 MHz, D,O) [ppm]: 5=
23.40 (3,37), 29.93 (Cu), 30.97 (C. + Ci + Co), 31.49 (2, 2°), 34.02 (C,), 48.63 (Cp + Cy+ C1 + Cy + Cy), 50.31
(Cy), 51.02 (Ca+ Cy+ Cr + Cy), 61.84 (1,17), 173.68 (Cq) and 177.17 (C,). "’Pt-NMR (86 MHz, D,0) [ppm]:
8=-2316.89. FTIR (KBr pellet): v =1584 cm™! (amide II, N-H and C-N), 1640 cm™ (C=0), 2855 cm™ (C-H),
2939 cm™ (C-H), 3224 cm™! (N-H stretch of the amine group of DACHPt) and 3410 cm™ (N-H). Fluorescence:
Aem max= 457 nm (for Aex = 380 nm, in UPW). TOF-MS (ESI +) calc. m/z = 1558.71, m/z found = 1556.70
[M+H"™+ 8MeOH]|" Cs42H641NooO100Pt1s™. EA (%) calc.: C 38.29, H 5.85, N 12.03, found: C 37.27, H 6.83, N
11.21 (hygroscopic compound).
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Scheme 13: Representation of the synthesis of the PAMAM dendrimer G2.5 functionalized with DACHPt(H20),
complex, G2.5COO(DACHPt)16.
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2.3.3.4. PAMAM dendrimer Generation 3.5 - G3.5COO(DACHPt)s:

The DACHPt(H,O), complex (0.13 g, 0.38 mmol, 32.5 eq. mol) was dispersed in 53mL of UPW. 0.15 g (0.01
mmol) of G3.5COONa PAMAM dendrimer was dissolved in 13 mL UPW and added dropwise to the mixture
under stirring. The mixture was left to react for 43 h at r.t. in dark under nitrogen atmosphere (Scheme 14).
After, the resulting solution was purified using a dialysis membrane (MW 6000-8000Da) for 6 h in distilled
water. After freeze-dried, a dark brown hygroscopic solid was obtained with 60% yield (0.15 g). 'H-NMR (400
MHz, D,0) [ppm]: 8= 1.19 (3,3’a-H; m, 27H), 1.34 (2,2’ o -H; m, 27H), 1.61 (3,3’ B-H; d, 26H), 2.07 (2,2’
B-H; d, 26H), 2.48 (1,1’; m, 22H), 2.59 (H. + H; + H, + H,, m, 84H), 2.65 (Hy, t, 164H), 3.08 (H, + Hy + H,
+H,, 162H), 3.26 (Hy, t, 71H), 3.44-3.38 (H, + H, + Hy + Hy + Ho, m, 262H), 3.59 (H; + H + H,, t, 40H) and
3.69 (H, 64H). *C-NMR (100 MHz, D,0) [ppm]: 8= 23.40 (3,3’), 29.88 (Cy), 31.56 (Co + Ci + C + Cy), 32.77
(2,2%), 34.00 (Cy), 35.39 (Ci + C¢+ Cy), 48.65 (Ca+ Cg + Cm+ Cs + Cy), 50.29 (Cz), 51.07 (Cb + Ch + Cn +
Ct), 60.09 (1,1°), 173.21 (Cy) and 177.11 (C,). '*Pt-NMR (86 MHz, D,0) [ppm]: &= - 2312.63. FTIR (KBr
pellet): v = 1588 cm! (amide II, N-H and C-N), 1638 cm™ (C=0), 2855 cm™! (C-H), 2937 em! (C-H), 3244
cm! (N-H stretch of the amine group of DACHPt) and 3417 cm™! (N-H). Fluorescence: Aem max= 452 nm (for
Aex = 380 nm, in UPW). TOF-MS (MALDI) calc. m/z = 388.9, m/z found = 388.2 [M] Ce32H1140N16s015P 3.
EA (%) calc.: C 38.59, H 5.89, N 12.20, found: C 41.33, H 7.17, N 12.78 (hygroscopic compound).
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Scheme 14: Representation of the synthesis of the PAMAM dendrimer G3.5 functionalized with DACHPt(H2O),
complex, G3.5COO(DACHP1)3,.

Figure 49 illustrates the prepared dendrimers conjugated with DACHPt in bidentate forrm.
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Figure 49: Metallodendrimers functionalized with DACHPt (G0.5-G3.5).

2.4. Biological studies

2.4.1. Cell culture and cytotoxicity evaluation

Several human cell lines were used in the cytotoxicity evaluation studies, namely: ovarian cancer cells
(A2780), cisplatin-resistant ovarian cancer cells (A2780CisR), breast cancer cells (MCF-7), colorectal
adenocarcinoma cells (CACO-2), and fibroblast cells (BJ, a non-cancer cell line). All cell lines were cultured
in 96-well plates at a seeding density of 1 x 10* cells per well with a specific culture medium supplemented
with 10% (v/v) fetal bovine serum (FBS) and 1% (v/v) antibiotic-antimycotic solution (AA, 100x solution) at
37°C, in a humidified atmosphere and 5% CO,. Specific cell culture media were used for each cell line as
follows: the A2780 and A2780CisR cell lines were cultured in RPMI 1640 medium supplemented with L-
glutamine (2 mM) and 1% (w/v) of cisplatin (100 mM) in the case of A2780CisR cells (cisplatin was only
used in the subculturing process before the cytotoxicity assays); the MCF-7 cell line was cultured in RPMI
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1640 medium supplemented with ImM sodium pyruvate, 1% (v/v) nonessential amino acids (NEAA, 100x
solution), and human insulin 3.3 pg/mL; the CACO-2 cell line was cultured in MEM medium supplemented
with 1% (v/v) NEAA; the BJ cell line was cultured in D-MEM medium. After 24 h in culture, cells were
incubated with the compounds under testing prepared in nuclease-free water. In all cases, 100 puL of the
compound solution was used for a total volume of 200 uL in the well. The metallodendrimers cytotoxicity was
evaluated using all the mentioned cell lines at the concentrations of 0.01, 0.03, 0.1, 0.5, 1, 2.5, 5, and 10 uM.
Pristine anionic PAMAM dendrimers (G0.5-3.5) were used as controls. The cytotoxicity of the
metallodendrimer G2.5COO(DACHPt),6/5-FU was evaluated using A2780CisR and CACO-2 cells at the
concentrations of 0.01, 0.2, 1, 5, 10 and 20 pg/mL, and G2.5(COONa)s./5-FU and free 5-FU were used as
controls. After 72 h of incubation with the compounds under testing, the culture medium was replaced by fresh
medium containing 10% (v/v) of a MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
solution (0.5 mg/mL). After 3 h of incubation, the culture medium was aspirated, and the formed formazan
crystals were dissolved in 100 uL DMSO. Absorbance intensity was measured at 550 nm in a microplate
reader. Three independent experiments with three replicas each were carried out. The concentration that
inhibited 50% of the cellular metabolic activity (ICso) was determined by linear interpolation between the two
experimental points closer to the point correspondent to 50% of the control's cellular metabolic activity. Results

are presented as the mean =+ standard deviation (SD).

2.4.2. Hematoxicity evaluation

Human blood from healthy donors was collected in tubes containing EDTA and used to evaluate the
compounds’ hemotoxicity under testing towards red blood cells by the cyanmethemoglobin method®®’. The
total hemoglobin concentration in the original blood was determined starting from a 250-fold dilution of blood
in cyanmethemoglobin reagent (the C reagent was prepared in an amber bottle with 50 mg of potassium
ferricyanide, 12.5 mg of potassium cyanide, and 35 mg of potassium dihydrogen phosphate in 250 mL of
distilled water with 250 puL of Triton-X; its pH was adjusted to 7.4). A standard curve for hemoglobin was
then prepared with hemoglobin from bovine blood (see annex Figure Bl). Briefly, a stock solution of the
protein (1.5 mg/mL) was first prepared in C reagent, from which serial dilutions were performed to obtain
standards of known concentration (in the range 0.20 to 1.4 mg/mL). Absorbance was then measured at 550
nm, and the C reagent was used as blank. The total hemoglobin concentration was determined using this
standard curve, taking into consideration the initial dilution. For hemotoxicity evaluation of the compounds
under testing, a 10% (v/v) blood solution was prepared in PBS (Mg?”Ca?" free). Then, 10 uL of this blood
solution was added to several microtubes containing 70 puL of compound solution (at the concentrations 0.1,
1, and 5 uM); for controls, microtubes with 70 uL of distilled water (positive control) and 70 puL of PBS
(negative control) were also prepared. After, the microtubes were incubated at 37 °C for 3 h and subsequently
centrifuged at 3800 rpm for 10 min. In the end, 40 uL of each supernatant were transferred to 96-well plates,

160 pL of C reagent was added, and absorbance was measured at 550 nm. The concentration of hemoglobin
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in the supernatants was then determined using the same standard curve and considering the performed

dilutions. The results are presented as a percentage of hemolysis (mean of three independent assays) + SD.

2.4.3. DNA binding studies by UV-vis spectroscopy

Absorption spectra were performed at room temperature for varying concentrations of CT-DNA (0, 6.25, 12.5,
18.75, 25, 31.25, 37.5, 4375 to 50 uM) and constant concentrations of G2.5COOPt{(DACHPt)s
metallodendrimer (2 uM), DACHPt(Cl, (9 uM), or oxaliplatin (9 uM). The metallodendrimer, DACHPtCl,,
and oxaliplatin solutions were prepared in UPW and then diluted in a 5 mM Tris-HCI, 50 mM NaCl pH 7.4
buffer. The stock solutions of DNA were directly prepared in this buffer. DNA purity was assessed by UV-
Vis spectroscopy using the absorbance values ratio at 260 nm and 280 nm (it should be between 1.8-1.9 to
make sure it is sufficiently protein-free) (see annex Figure A17). The obtained ratio was 1.9, indicating that
the DNA was pure. The compounds and the CT-DNA were incubated at r.t. for 5 min. The absorbance was
measured in a PerkinElmer UV-vis spectrometer Lambda equipment, using the buffer as blank. Two
independent experiments were carried out for the metallodendrimers, DACHPtCL,, and oxaliplatin. The
intrinsic binding constant, Ky, of the compounds with DNA, was determined using the Benesi-Hildebrand

28 Binding constant values were then obtained from the ratio of the y-intercept to the slope in the

equation
plots Ao/A-Ao vs. 1/[DNA]. Additionally, the Gibbs free energy (AG) associated with the process of DNA

binding was calculated using the Benesi-Hildebrand equation?®8.

2.5. Studies with 5-Fluorouracil loaded dendrimers

2.5.1. Loading of 5-FU

G2.5COO(DACHPt),6 metallodendrimers were loaded with 5-FU. For that purpose, 25 mg (0.002 mmol) of
G2.5COO(DACHPt) 6 was dissolved in 2 mL of UPW, and 4.7 mg of 5-FU (15 eq. mol, 0.04 mmol) was added
to the solution. As a control, the G2.5(COONa)s, dendrimer (25 mg, 0.004 mmol, 2 mL) was also loaded with
5-FU (7.8 mg, 0.06 mmol) in similar conditions. Then, the G2.5COO(DACHPt):s/5-FU and the
(G2.5(COONa)s,/5-FU solutions were dialyzed in 50 mL of distilled water using a dialysis membrane in the
MW range of 100-500 Da for 20 min to remove the unloaded 5-FU. Later, the G2.5COO(DACHPt)s/5-FU
and G2.5(COONa)s2/5-FU solutions and the solution outside the dialysis membrane were lyophilized. The free
drug was dissolved in 50 or 60 mL of UPW, and its absorbance was measured at 266nm in a PerkinElmer UV-
Vis spectrometer Lambda equipment to determine the amount of drug-loaded into both dendrimer types
indirectly. For the quantification of 5-FU in solution, a standard calibration curve was first established using
standards of known concentration of 5-FU in water (see annex Figure B2). The loading capacity (LC%) and
the loading efficiency (LE%) were calculated through the formulas described in Chapter II section 2.4.1.

Loading of 5-FU*® . The results are expressed as mean + SD of three independent experiments.
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2.5.2. Invitro drug release of 5-FU

The release of 5-FU was made in PBS in acid conditions (pH adjusted to 5) and at physiologic pH (pH adjusted
to 7.4), at 37°C. For this aim, 100 pg of 5-FU loaded in G2.5COO(DACHPt)s and to G2.5(COONa)3, were
weighted and dissolved in 300 pL of water. The solutions were placed in SLIDE-A-LYZER™ mini dialysis
devices with a MW cutoff of 2000 Da (0.1mL, Thermo Fisher Scientific) and dialyzed in 10 mL of PBS, in
separate tubes, at each pH value. At different time intervals, 1 mL of the dialyzed was taken out from each
tube and replaced with an equivalent volume of fresh PBS. The release profile of 5-FU was then determined
by UV-Vis spectroscopy. Standard calibration curves were established for each PBS pH value (see annex

Figures B3 and B4). Absorbance was measured at 266 nm with a PerkinElmer UV-vis spectrometer Lambda.

3. Results and discussion

3.1. Synthesis and characterization of DACHPt metallodendrimers

For the preparation of DACHPt-metallodendrimers, the trans-(R,R)1,2-
diaminocyclohexanedichloroplatinum(Il), DACHPtCl,, was first synthesized with 59% yield and characterized
by different techniques, such as NMR, FTIR, UV-visible, and fluorescence spectroscopy. The characteristics
signals of DACHPtCI, corresponding to the cyclohexyl and amine protons?'%3283% can be seen in the 'H-NMR
spectrum (Figure 50). The FTIR spectrum (see annex Figure D1) also presents the characteristics bands of the
DACHPtCI; compound, namely the symmetrical and asymmetrical N-H stretch of the primary amine group at
3186 cm™ and 3276 cm™, respectively and the N-H bending vibration band of the primary amine group at 1566

cm™. Bands corresponding to the C-H stretch were also observed at 2865 cm™ and 2935cm™ 330,
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Figure 50: "H-NMR spectrum of DACHPtCl, performed in D>O.
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delivery system
In the UV-vis spectra (Figure 51a), a shoulder with a maximum in the UV region (212 nm) appears, due,
probably, to a mixture with the characteristic charge transfer transitions of the halide platinum (II) complexes
with shifted d-d transitions**!. The fluorescence emission spectrum (Figure 51b) shows a band at around 429

nm due to the cyclohexyl group of DACHPtCl,.
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Figure 51: a) Absorption spectra of DACHPtCl, recorded at a concentration of 40 uM of in UPW and b) Emission (Aex
=380 nm) spectra of DACHPtCI; recorded at a concentration of 500 uM in UPW.

Afterward, to attach the DACHPt fragment to the PAMAM dendrimers, the aquation of DACHPtCIL, was
necessary to form reversible coordinated bonds with the carboxylate end groups of PAMAM dendrimer half-
generations. The aquation of DACHPtCL, is also important to guarantee the removal of the two chlorines and
assure the conjugation of the DACHPt moiety to the anionic PAMAM dendrimer in the bidentate form. Indeed,
the conjugation of the DACHPt fragment to the dendrimer involving two bonds (bidentate form) should delay
drug release before the target is achieved, thus decreasing the side effects. As so, bis-aquated DACHPtCI, was
synthesized through a reaction of DACHPtCI, with silver nitrate, an abstractor of chloride ligands, with 86%
yield. The product was characterized by 'H and *C-NMR (see annex Figures D2 and D3).

After, four half-generations of anionic PAMAM dendrimers (G0.5-G3.5) were successfully coordinated to the
bis-aquated DACHPtCl in a bidentate form. The prepared metallodendrimers were obtained with a good yield
(G0.5COO(DACHPY)s:  92%, GL1.5COO(DACHPY)s:  77%, G2.5COO(DACHPt)is: 78%  and
G3.5COO(DACHPt)32: 60%). The products were fully characterized by different techniques that included
NMR (*H, *C, and “°Pt-NMR), FTIR, UV-Vis, and fluorescence spectroscopy zeta-potential, MS and EA,
although the prepared metallodendrimers are hygroscopic. In the 'H-NMR experiments, the signal of
deuterated water (D-O) was used as an internal reference, whereas potassium tetrachloroplatinate (II) was used

as an external reference in the *Pt-NMR experiments. Figure 52 shows the expected 'H-NMR spectrum of
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G0.5COO(DACHPt)4, with the characteristics signals of the anionic PAMAM dendrimer structure between
2.62 and 3.61 ppm and the signals of the cyclohexyl group of DACHPt fragment between 2.43 and 1.18 ppm.
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Figure 52: "H-NMR spectrum of G0.5COO(DACHPt)4 performed in D,O.

The C-NMR spectrum (Figure 53) also presents the characteristic signals of the anionic dendrimer’s structure
and those corresponding to the cyclohexyl of the DACHPt moiety. The signals at 30.73, 31.40, 34.35, 48.61,
50.27, and 50.94 ppm are from the anionic PAMAM dendrimer scaffold. The signals observed at 23.32,31.01,
and 62.02 ppm are from the cyclohexyl group of DACHPt. Compared to pristine half-generation anionic
PAMAM dendrimers, a downfield shift in the carboxylate group’s signal (174.69 to 177.83 ppm) indicates

metal complex coordination®*%.
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Figure 53: *C-NMR spectrum of G0.5COO(DACHPt), performed in D,O.

Furthermore, the signal at -2314 ppm in the '*>Pt-NMR spectrum (Figure 54) has low intensity and high noise
due to the sensitivity of the NMR probe for the **Pt-nucleus. They suggested that the PAMAM dendrimer was
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conjugated to the DACHPt moiety in a bidentate form?!**3, Similar results were observed for the other

dendrimer generations (G1.5-G3.5).
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Figure 54: '’Pt-NMR spectrum of G0.5COO(DACHPt)4 performed in D,0, with K,PtCl, as an external reference (-1631
ppm).

The G1.5COO(DACHPt)s metallodendrimer presents in the NMR spectrum the expected signals of its
structure. In the "H-NMR spectrum (Figure 55) the signals between 2.47 and 3.77 ppm correspond to the
anionic G1.5-PAMAM dendrimer scaffold and the signals between 1.20 and 2.47 ppm to the cyclohexyl group
of DACHPt moiety. These last signals are overlapped with the methylene protons of the amide group of
PAMAM dendrimer.
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Figure 55: "H-NMR spectrum of G1.5COO(DACHPt)s performed in D,O.
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In the C-NMR spectrum (Figure 56) is also observed the characteristic signals of the prepared
metallodendrimer. Moreover, a downfield shift of the signal corresponding to the carboxylate group compared
to pristine anionic G1.5-PAMAM dendrimer from 175.54 ppm to 177.55 ppm (see annex Figure A4), which
indicate the conjugation of PAMAM dendrimer to the DACHPt moiety. Moreover, the signal at -2321.68 ppm
in the "’Pt-NMR spectrum also suggests the coordination to the dendrimer surface by the DACHPt in a
bidentate form (see annex Figure D4). Nevertheless, since [(DACH)Pt(OH>),](NOs), is bulky in size and
DACHP! is hydrophobic, it inhibits its entry into the dendrimer due to the sterically agglomerated surface?®.

291

The other signals at -1467 ppm probably correspond to trans-[Pt(cyclohexanediamine)(D-0):]

—_—re
E\:v// \/
7 , 4 Ao Ny S &80 JESES
-5 3 ~LA o oaf EiSok*f.\o:', A T 8% FERIS
\/ 3 1‘ : .6—'\53!\5{0 oﬁ"f’ 0 A I NI/ N\ /
H

I I 1 I I I I I T I I 1 I I I 1 1 1

I I
190 180 170 160 150 140 130 120 110 100 9 80 70 60 50 40 30 20 ppm

Figure 56: *C-NMR spectrum of G1.5COO(DACHPt)s performed in D-O.

The G2.5COO(DACHPt)is metallodendrimer also has the signals of the expected structure. In the "H-NMR
spectrum (Figure 57), the signals of the anionic G2.5-PAMAM dendrimer are visible between 2.65 and 3.67
ppm. At 1.20, 1.34, 1.61, 2.07, and 2.38 ppm are the signals of the cyclohexyl group of DACHPt. In the *C-
NMR spectrum (Figure 58), the downfield shift (174. 67 to 177.17 ppm) of the carboxylate end group indicates
the conjugation of PAMAM dendrimer to the DACHPt moiety. From the '**Pt-NMR spectrum (see annex
Figure DS5), the signal at -2317 ppm also suggests the conjugation of PAMAM dendrimer to the DACHPtin a

bidentate form.
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Figure 57: "H-NMR spectrum of G2.5COO(DACHP);6 performed in D,0O.
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Figure 58: *C-NMR spectrum of G2.5COO(DACHPt):¢ performed in D,O.

For the G3.5COO(DACHPt);s metallodendrimer, in the "H-NMR spectrum (Figure 59) is observed the signals
of the expected structure of the anionic G3.5-PAMAM dendrimer and the cyclohexyl group of DACHPt. A
downfield shift in the *C-NMR spectrum (Figure 60) of the carboxylate end groups from 174.90 to 177.11
ppm is indicative of the coordination of the dendrimer surface by the DACHPt moiety. The signal at -2312

ppm in the ’Pt-NMR spectrum (see annex Figure D6) also corroborates the coordination of the dendrimer to
the DACHPt.
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Figure 60: 3C-NMR spectrum of G3.5COO(DACHPt)s; performed in D,O.

In addition to the characteristic signals observed in the NMR spectra of the chemical structure of the prepared
DACHPt-metallodendrimers, they were also characterized by FTIR to confirm the dendrimer conjugation of

DACHPt moiety in a bidentate form. When compared with the respective pristine anionic PAMAM dendrimer
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(see annex Figure A9), the DACHPt-metallodendrimers (G0.5COO(DACH)Pts, G1.5COO(DACH)Pts,
G2.5COO(DACH)Pt;6, and G3.5COO(DACH)Pts;) show the characteristic carbonyl stretching band in the
range 1618 cm™ to 1640 cm™ (see annex Figure D7) with the N-H stretch of the NH» groups of the DACHPt
fragment appearing in the range 3388 cm™ to 3470 cm™. In the GO.5COO(DACHPt), spectrum, a shift to a
lower wavenumber on the carbonyl group band (C=O stretch) from 1639 cm™ to 1618 cm’, is observable,
being indicative of the bidentate complexation of the DACHPt fragment via the dendrimer carboxyl terminal
groups®*. At 3388 cm’!, a new band appears related to the NH, group of DACHPt fragment. In the other
DAHPt-metallodendrimers, this shift is difficult to observe, but the conjugation could be confirmed due to the
N-H stretch of the NH» groups of DACHPt fragment. In the G1.5COO(DACHPt)s spectrum is visible, a slight
shift from 1637 cm™ to 1639 cm! of the carbonyl stretch and a new band of the NH; stretch of the DACHPt
fragment appeared at 3409 cm™!. The G2.5COO(DACHPt);6and G3.5COO(DACHPt)s; spectra also present a
slight shift of the carbonyl group from 1638 cm™ to 1640 cm™ and 1639 cm™ to 1638 cm™, respectively. And
the appearance of a new band at 3470 cm™! (G2.5COO(DACHPt)6) and 3459 cm™ (G3.5COO(DACHPt)3,) of
the NH; stretch group of DACHPt fragment.
As mentioned earlier, the DACHPtCI, complex has a maximum absorption at 212 nm. After the conjugation
of the dendrimer to the DACHPt moiety, a shoulder around this wavelength is observed in the UV-vis spectra,
more evident for the higher generation dendrimers. The maximum absorbance wavelength suffers a deviation
for higher wavelengths as the dendrimer generation increases, which is additional evidence of the success of
the coordination process (Figure 61a). Moreover, the characteristic absorption band of the half-generation
anionic PAMAM dendrimers, which appears around 280-300 nm and is attributed to the interior tertiary amines
(see annex Figure A10), remains visible, without any significant shift, indicating that DACHPt has been
conjugated only at the surface of the PAMAM dendrimers. As the generation of the dendrimers increases,
absorbance values become higher due to the increase in the number of tertiary amines.
It is known that PAMAM dendrimers possess intrinsic fluorescence properties®*®. Indeed, the emission spectra
presented by the pristine anionic PAMAM dendrimers show maximum wavelengths of fluorescence in the
range 440-455 nm (see annex Figure All). Interestingly, after the dendrimers’ coordination of the DACHPt
fragment, the fluorescence intensity decreased considerably in this wavelength range (Figure 61b). This effect
occurs notwithstanding the DACHPtCL, compound also shows fluorescence in an aqueous solution with a
maximum emission band at 433 nm (Figure 51). This result may be due to a decrease in the intrinsic
fluorescence of dendrimers upon coordination with the increased number of DACHPt moieties conjugated to
the dendrimer. The bidentate coordination that occurs may affect the distance among branches within the
dendrimer scaffold interfering with the overall rigidity in the dendrimer scaffold or/and to quenching effects***

related to the proximity of the DACHPt peripheral groups.
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Figure 61: a) UV-Vis spectra of DACHPt-metallodendrimers at a concentration of 40 uM and b) Emission (Aex = 380
nm) of DACHPt-metallodendrimers at a concentration of 500 pM in UPW.

Furthermore, after coordinating the half-generation anionic PAMAM dendrimers to the DACHPt moiety, the

zeta-potential values become less negative for all the prepared metallodendrimers (Table 14). This observation

was expected since the dendrimers are anionic, and the DACHPt cation fragment has an associated double

positive charge. Nevertheless, it is important to stress that, even if the zeta-potential is not an absolute

indication regarding the stability of nanoparticles, the observed reduction in its absolute value after

functionalization of the dendrimers with the DACHPt unit may trigger dendrimers’ aggregation in an aqueous

solution.

Table 14: Zeta-potential of anionic PAMAM dendrimers (G0.5-G3.5) and their related metallodendrimers after
conjugation with DACHPt (n = 3) in filtered UPW.
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Compounds

Zeta-potential (mV)

G0.5(COONa)s
G0.5COO(DACHPY)4
G1.5(COONa);s
G1.5COO(DACHPY)s
G2.5(COONa)s,
G2.5COO(DACHPY)6
G3.5(COONa)es

G3.5COO(DACHPt)3,

-19.17+£1.01

-2.34+£0.53

-40.8 £0.70

-17.3+£1.57

-47.77 £ 1.46

-10.8 £0.26

-51.27+0.95

4.03 + 0.61




Chapter I1I — Improving the efficacy of DACHPt and 5-FU anticancer drugs using anionic PAMAM dendrimers as drug

delivery system
Moreover, the coordination of the anionic PAMAM dendrimers to DACHPt was evaluated by TOF-MS (ESI
positive mode or MALDI) analysis, depending on the metallodendrimer (see the spectra in Figures D8-D11).
Despite the characterization difficulties experienced since DACHPt-metallodendrimers are, in general,
hygroscopic, several fragments from the parent metallodendrimers were identified by TOF-MS, confirming
the functionalization with DACHPt. Table 15 summarizes the results obtained from MS. For the
G0.5COO(DACHPt)4 metallodendrimer, a peak was found at m/z = 2014.7 [M+H - CesH117N16020Pt3"]" that
corresponds to three DACHPt moieties conjugated to the PAMAM dendrimer. The G1.5COO(DACHPt)s has
a peak at m/z = 1008.58 [M+5H]" and the G2.5COO(DACHP1);sa peak at m/z = 1556.7 [M+H'+8MeOH]".
And the peak at m/z = 388.2 [M - Ces32H1141N1680185Pt23]" was found for G3.5COO(DACHPt)s,, which is a
fragment with PAMAM dendrimer conjugated to twenty-three DACHPt metals.

Table 15: Molecular weight of the DACHPt-metallodendrimers.

G0.5COO(DACHPt)s G1.5COO(DACHPt)s G2.5COODACHPt)is G3.5COO(DACHPt)s:

Molecular weight 2322.24 5040.96 10478.42 21353.33
m/z 2014.75 1008.58 1558.71 388.93
calculated
m/z 2014.7 1008.98 1556.7 388.2
found [M+H]* [M+5H]>" [M+H"+8MeOH]* [M]

CoHiN16OoPtsw  CissHosNpOwPts > CaiaHeaNooOiooPtis™  CeaHinaN1ssOnssPtos

3.2. Biological studies

3.2.1. Invitro cytotoxicity assays

The  cytotoxicity of the  metallodendrimers  GO0.5COO(DACHPt)s, G1.5COO(DACHPt)s,
G2.5COO(DACHPt)16,G3.5COO(DACHPt)3,, and the free drugs DACHPtCl, and oxaliplatin were studied in
vitro using four cancer cell lines (A2780, A2780CisR, MCF-7, and CACO-2 cells), and one non-cancer cell
line (BJ cells). The cytotoxicity was evaluated after 72 h through a metabolic activity assay (MTT assay). As
a control it was used the pristine half-generation anionic PAMAM dendrimers (G0.5-G3.5). The results are
presented in Figures D12-D16 (see annex) and the half-maximal inhibitory concentration, ICso, values in Table
16. All the studied metallodendrimers, were toxic against the tested cancer cell lines. Furthermore, the
metallodendrimers were more cytotoxic than oxaliplatin and DACHPtCL, for all the cancer cell lines
considered, as reflected by the obtained ICso values. This can be explained by the available amount of DACHPt
that is cleavage from the PAMAM dendrimers, due to the presence of chloride or phosphate ions in the media.
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DACHPt is released from the PAMAM dendrimer by an exchange reaction between chloride/phosphate ions
and the carboxylic groups of dendrimer®*’. All the DACHPt-metallodendrimers have a lower IC50 in the
A2780 and A2780CisR cancer cells compared to cisplatin. In addition, the ICso values obtained for the
metallodendrimers in the study cancer cell lines are lower than the ICso values obtained for the non-cancerous
cell (BJ), with the exception of MCF-7 cancer cells. Meaning at the studied concentrations the
metallodendrimers are not toxic for the normal cells, except for the tested concentrations for the MCF-7 cancer

cells.

Table 16: ICso values of the prepared DACHPt-metallodendrimers toward various cancer cell lines and non-cancer cell
line. Results are expressed as mean + SD three independent experiments performed in triplicate.

A2780 A2780CisR MCF-7 CACO-2 BJ
ICso £SD ICs0 = SD ICs0o = SD ICso = SD ICso = SD
(uM) (uM) (uM) (uM) (uM)
Cisplatin 0.11+0.03 3.51+1.35 1.21+045 >10 0.55+0.23
Oxaliplatin 0.48=+0.03 3.47+0.46 >10 0.91+0.03 >10
DACHPtCL, 0.28+0.2 1.73+£0.41 538+2.37 >10 >9
G0.5COO(DACHPt)4 0.03 £0.01 1.66 £ 0.27 1.56 £ 0.75 0.18 +0.08 3.1+£097
G1.5COO(DACHPt)g 0.04 £ 0.02 0.59 £0.19 1.6 £0.68 0.25+0.13 1.25+0.24
G2.5COO(DACHPY)16 0.04 + 0.03 1.08 £0.18 2.96 +£1.38 0.35+0.09 1.84£0.72
G3.5COO(DACHPY)3; 0.08 = 0.02 1.2 £0.47 412 £0.77 0.39 £+ 0.09 2.59+1.34

This increase in cytotoxicity can be more easily understood by analyzing the cytotoxicity relative potential
(RP) of the metallodendrimers regarding oxaliplatin. This RP parameter was determined from the division of
the oxaliplatin ICso by the metallodendrimers ICso (Table 17). As can be seen, RP values were consistently
higher than 1, thus revealing a higher anticancer activity of the metallodendrimers concerning oxaliplatin.
However, since oxaliplatin is used to treat colorectal and ovarian cancer, as it is a platinum derivative, a
particular emphasis is given to CACO-2 and A2780CisR cancer cells. In the CACO-2 cancer cells, the
G0.5COO(DACHPt)4 has an RP value 5 times more cytotoxic than oxaliplatin. But, with the increase in
generation, the RP value decreases to 3.6 < 2.6 < 2.3. On the other hand, in the A2780CisR, the generation
does not influence the RP value. In this cancer cell the G1.5COO(DACHPt)s and G2.5COO(DACHPt);¢ are
those with the higher RP value, 5.9 and 3.2, respectively. Nonetheless, when comparing the RP value
determined as regards DACHPtC]I, (see annex Table D1) is observed the same conclusions for these two cancer
cell lines, because DACHPt is the active fragment of oxaliplatin, responsible for the anticancer effect. In
general, the A2780 and the MCF-7 cells were the most sensitive to the metallodendrimers. The higher

cytotoxicity of the metallodendrimers must be due to the higher number of metallic fragments transported by
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the dendrimer scaffold compared with the single metallic fragment present in the oxaliplatin molecule.
However, apparently, an effect of dendrimer generation was not observed in the cytotoxic behavior of the

metallodendrimers.

Table 17: Relative potency (RP) of the DACHPt-metallodendrimers calculated from the division of the ICso value of
oxaliplatin by the ICso value of metallodendrimers.

Relative potency (RP) A2780 A2780CisR MCF-7 CACO-2
DACHPtCl, 1.7 2 >1.9 >0.1
G1.5COO(DACHPt)s 12 59 >6.3 36
G2.5COO(DACHPY) 6 12 32 >34 2.6
G3.5COO(DACHPt)3, 6 2.9 >2.4 2.3

Selectivity for cancer cells is another important characteristic of a chemotherapeutic agent, and, as such, the
cytotoxicity of the metallodendrimers was also studied using non-cancer BJ cells. The selectivity index (SI) of
the DACHPt-metallodendrimers is presented in Table 18 for the different cancer cell lines used in the
experiment. The selectivity index (SI) value is defined as the ratio between the ICso for BJ cells and the ICso
for each cancer cell line. If the SI is greater than 2, then the more selective the compound is towards cancer
cells. SI values less or equal to 2 means that the compound has only general toxicity?* 2. The results show
that the metallodendrimers are especially selective regarding A2780 cancer cells. In the A2780 cancer cells,
the SI values of all the metallodendrimers are greater than 2, being the G0.5COO(DACHPt)4, the one with the
highest selectivity index (SI = 103). In the A2780CisR cancer cells, the free drugs (oxaliplatin, DACHPtCI,)
are more selective than metallodendrimers, although the selectivity index of the metallodendrimers is 2, which
means that they are selective for these cancer cells. The metallodendrimers also show selectivity for CACO-2
cancer cells. The metallodendrimers are more selective compared to DACHPtCI, (SI >0.9), which presents
general toxicity but compared with oxaliplatin, only the GO.5COO(DACHPt)s have a SI higher (SI = 17) than
the free drug (SI>11). The MCF-7 cancer cells are the cell line that the metallodendrimers are less selective.
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Table 18: Selectivity index (SI) of the DACHPt-metallodendrimers calculated from the division of the ICso value of BJ
cell line for the ICso value of cancer cell lines.

Selectivity index (SI) A2780 A2780CisR MCF-7 CACO-2
Oxaliplatin >20.8 >29 >1 >11
DACHP(Cl, >32 >52 >1.7 >0.9
G0.5COO(DACHPY), 103 1.9 2 17
G1.5COO(DACHPt)s 31 2 0.8 5
G2.5COO(DACHPY)6 46 1.7 0.6 5
G3.5COO(DACHPY)3, 32 2 0.6 6.6

The development of new platinum-based anticancer drugs also aimed to overcome the resistance to cisplatin
(the first of this class of drugs that was introduced in the clinic) developed by some cell types. For this reason,
we carried out the experiments with the A2780 cell line and, with its corresponding variant resistant to
cisplatin, the A2780CisR cell line. The resistance factor (RF), which is the ratio between the 1Cso value for
A2780cisR cells and the ICso value for A2780 cells, was then used as a parameter to evaluate the capacity to
surpass cisplatin resistance (Table 19). Thus, the lower the RF value, the better the compound to overcome the
resistance’>. However, when compared to free drugs oxaliplatin and DACHPtCl,, our metallodendrimers
showed high RF values, which means that they have no advantages in this regard. The metallodendrimers
G1.5COO(DACHPt)s and G3.5COO(DACHPt)s; have a lower RF value than the others metallodendrimers.
All things considered, the synthesized metallodendrimers are more cytotoxic in the tested cancer cell lines than
the free drugs, although having, in general, a relative potential value and selectivity index lower than
oxaliplatin and DACHPtCl,. However, it could be interesting to use another drug in combination to study its

potential as anticancer drug as they are more cytotoxic than free drugs.

Table 19: Resistance factor of the DACHPtCl,-metallodendrimers calculated from the division of the ICsy value of
A2780CisR for the ICso value of A2780 cancer cell lines.

Resistance factor (Rf)
Oxaliplatin T2
DACHPtCl, 6.2
G0.5COO(DACHPt)4 553
G1.5COO(DACHPt)s 14.8
G2.5COO(DACHPY)16 27
G3.5COO(DACHPY)3; 15
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3.2.2. Hematoxicity assays

The hemolysis assay was used to evaluate the interaction of the free drugs and DACHPt metallodendrimers
with red blood cells. The obtained results (Figure 62) show very low hemotoxicity levels for all situations
studied if we compare the values of released hemoglobin with those of the negative control. In the case of
oxaliplatin, hemotoxicity slightly increases with concentration with a release of hemoglobin around 12% at
the maximum concentration used (5 pM), which is in line with the reported oxaliplatin hematological
toxicity?®. At this concentration, the DACHPtCl, and the metallodendrimers also present a low hemolysis
percentage (7-10%). In fact, at least in the concentration range studied, an increase in dendrimers generation
and, consequently, an increase in the number of metallic centers does not induce a significant variation in
hemotoxicity values. However, these hemotoxicity studies were carried out in vitro and, of course, do not
reflect the totality of events that may occur in vivo, such as selective dendrimers aggregation on atheromatous
carotid tissues®*®, platelets aggregation®*®, and toxic effects in hippocampal neurons that may lead to a
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significant reduction in viability**” as reported by others regarding dendrimer-based nanomaterials.
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Figure 62: Hematoxicity of the free DACHPtCl,, oxaliplatin and prepared DACHPt-metallodendrimers in healthy human
blood. Blood was treated for 3 h with different concentrations (0.1, 1, and 5 uM) of the metallodendrimers and free drugs.
The positive and negative control are represented by C* and C-, respectively. The results are expressed as mean + SD of
at least three independent experiments performed in triplicate.

3.2.3. DNA binding assays

Since DNA is the pharmacological target of platinum-based drugs®**3°**! UV-Vis spectroscopy was used to
study the in vitro interaction of the metallodendrimers with calf thymus DNA (CT-DNA). For comparison
purposes, the DNA binding studies were performed for the G2.5COOPt(DACHPt)is metallodendrimer,

145



DACHPtCL; as well as for oxaliplatin. This metallodendrimer was selected as a model for this
metallodendrimers family once due to its size, it seems to be the most appropriate for the loading of 5-FU,
which was later performed (See section 3.3.1. Loading of 5-Fluorouracil). Figure 63 shows the effect on the
absorption spectra of solutions containing a varying CT-DNA concentration and a constant concentration of
the metallodendrimer. The CT-DNA spectrum shows a broadband in the UV region with a maximum
absorption wavelength at 260 nm (see annex Figure A17). This absorption is due to the chromophoric groups
of adenine, guanine, cytosine, and thymine. It has been described in the literature that whereas binding to DNA
through intercalation results in hypochromism (a decrease in DNA absorption), binding by electrostatic
interactions gives rise to a hyperchromic effect (an increase in DNA absorption). Hyperchromism may also
arise from other causes that culminate in a disruption of the hydrogen bonds that keep the DNA double helix
in place and limit the aromatic rings' resonance (limiting their absorption as well)?®. Clearly, the spectra of the
G2.5COO(DACHPt)16 metallodendrimer in the presence of increasing CT-DNA concentrations present a
hyperchromic effect (Figure 63a). The same was also observed for the DACHPtCl, moiety (Figure 63b) and
oxaliplatin (see annex Figure D19). Since it is known that the active fragment of oxaliplatin forms covalent
adducts with DNA, the observed hyperchromism in DACHPtCI and oxaliplatin should be due to a distortion
in DNA conformation caused by adduct formation that exposes the DNA bases and results in higher absorbance
values. These results are consistent with other studies regarding the interaction of oxaliplatin with linear
DNA**_ In fact, DACHPt adducts are more bulky and hydrophobic than cisplatin adducts, which are more
effective in the inhibition of DNA synthesis, as they can cause distortion of the DNA skeleton by affecting its
transcription and replication?**29>-288:301 " Besides, the conversion of monoadduct into diadduct is slower,
possibly due to the binding angle, which is more restricted for DACHPt-DNA than for cisplatin®*. In the case
of the G2.5COO(DACHPt);s metallodendrimer, one should not expect a full release of the coordinated metallic
fragments from the dendrimer scaffold during the 5 min incubation period used in the assay, even in the
presence of chloride ions®’. If that happened, the dendrimeric scaffold was always present in the solution,
leading to interaction with DNA. Moreover, it is known that PAMAM dendrimers interact with DNA, through
electrostatic bonds, followed by a conformational change in the dendrimer-DNA complex that leads to DNA
condensation®”. For the metallodendrimer, other types of interactions may occur, like those of a solely
electrostatic nature that may further contribute to the DNA helix's disruption. Alternatively, the
metallodendrimer can bind to DNA via monodentate form with DACHPt.
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Figure 63: UV-visible spectra of a) G2.5COO(DACHPt);s metallodendrimer b) DACHPtCl, with increasing
concentration of CT-DNA (0, 6.25, 12.5, 18.75, 25, 31.25, 37.5, 43.75 and 50 uM) in 5 mM Tris-HC1/50 mM NaCl at pH
7.4. The inset corresponds to the plot of A¢/(A-Ag) versus 1/[DNA], which is used to determine the binding constant. The
arrow indicates the direction of increasing the concentration of DNA.

The DNA binding constant (Ks) of the compounds with CT-DNA was determined by UV-vis through the
Benesi-Hildebrand equation, namely from the ratio of the y-intercept to the slope in the plots Ao/A-Ao vs
1/[DNA] 2. The found Ky were similar for DACHPtCI, and oxaliplatin (=3 x 10%), but much higher for the
metallodendrimer (Table 20). The coordination of PAMAM dendrimer to the DACHPt increased the Ky, for
(3.6 £ 0.9) x 10*, reflecting a strong interaction of the metallodendrimers with the CT-DNA in the performed
in vitro experiments. As mentioned above, additional electrostatic interactions may contribute to strengthening
these interactions. However, one should have in mind that the type and extent of electrostatic interactions
between the metallodendrimer and the CT-DNA established in vitro cannot directly correlate with what will
happen in vivo. In vivo, the release of the metallic fragments is expected to occur near the target site as in the
tumor environment or even inside cancer cells. In addition, the Gibbs free energy of the binding process was

also estimated, indicating a spontaneous process as negative values were obtained (Table 20).

147



Table 20: Values of DNA binding constant (Kp) and Gibbs free energy (AG) of the G2.5COO(DACHPt)6
metallodendrimer and free drugs DACHPtCl, and oxaliplatin. Data are represented as mean + SD of two independent
experiments.

Kb - AG/ KJ mol?
G2.5COO(DACHPt)16 (3.6=0.9) x 10° 25+ 0.64
DACHPtCL B+1)x103 19 £1.06
Oxaliplatin (3.1+0.6) x 103 19+0.51

3.3. Drug loading

3.3.1. Loading of 5-Fluorouracil

246,248,343
>

As stated in chapter I, 5-FU is part of the chemotherapy regimen used to treat colorectal cancer and

9,

as such, it was chosen as a second drug to be transported by the anionic PAMAM dendrimers. Furthermore,
the metabolites of 5-FU can intercalate with DNA and consequently lead to cell apoptosis mechanism?#-308,
Another reason is the fact that PAMAM dendrimer has hydrophobic internal cavities that enable the interaction
with poorly soluble drugs, as 5-FU, by hydrophobic interactions®®. The metallodendrimer
G2.5COO(DACHPt)16 was selected to load 5-FU due to its size, which seemed adequate for drug
encapsulation®®®3!? The encapsulation of 5-FU within the G2.5COO(DACHPt):s was adapted from the method
describes by Phung Le et al?®. In brief, G2.5COO(DACHPt);6 was dissolved in UPW, and then 5-FU was
added to the solution. The amount of encapsulated 5-FU was determined indirectly by UV-Vis at 266 nm, from
the amount of 5-FU that was not encapsulated. The G2.5(COONa)z, was used as a control. Drug loading results
were compared with those of the pristine dendrimer G2.5(COONa)s,. The G2.5COO(DACHPt)s had a loading
efficiency of 75%, which was slightly lower compared to the G2.5(COONa)s; that had a loading efficiency of
86% (Table 21). These results could be explained by the fact that G2.5(COONa)3,/5-FU doesn’t have metal
centers coordinated on its surface, so the drug enters the internal cavities without constraint. Unlike
G2.5COO(DACHPt)6/5-FU that has 16 aromatic metal centers on its surface, limiting the entry of the drug,
because the surface is densely compacted. In addition, the loading capacity in the G2.5COO(DACHPt),¢/5-FU
system was also lower (14%), which corresponds to a lower number of encapsulated 5-FU molecules (11). The
loading capacity of the pristine G2.5(COONa)s; dendrimer was more than two times that shown by the
metallodendrimer (ca. 32%). 5-FU interacts with PAMAM dendrimer in the internal cavities through hydrogen

bonds due to the presence of nitrogen and oxygen atoms and van der Waals interactions’316.
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Table 21: Loading efficiency (LE%) and loading capacity (LC%) of 5-FU in G2.5COO(DACHPt);s metallodendrimer
and anionic PAMAM dendrimer G2.5COONa (n= 3), and the number of 5-FU encapsulated molecules.

LE% LC% N° of molecules encapsulated®
G2.5COO(DACHPt)16/5-FU 74.83 +7.66 1443 +1.17 11
G2.5(COONa)s2/5-FU 86.14+1.74 31.72+0.95 13

2The number of molecules encapsulated was calculated from the following equation,
i=n (drug)/n (dendrimer), where n (drug) = m (encapsulated drug)/MM (drug) and n (dendrimer)= m (dendrimer)/ MM
(dendrimer) and i is the number of encapsulated molecules.

Moreover, the UV-Vis spectrum of the G2.5COO(DACHPt):¢/5-FU system was recorded. The 5-FU
encapsulation in the metallodendrimer was confirmed (Figure 64a) by a decrease observed in the absorbance
intensity at 266 nm, which is the maximum absorption wavelength of 5-FU3!". The decrease in the absorbance
was also observed for the G2.5(COONa)s»/5-FU system. However, when comparing both systems, the
G2.5COO(DACHPt)6/5-FU has a higher absorbance, although both have the same amount of 5-FU (10 ng).
These results suggest that the combination of the metal DACHPt and 5-FU increase the absorption of the
metallodendrimer. Also, the disappearance of the shoulder related to the metallodendrimer suggests that 5-FU
was encapsulated inside the compound, even though no significant shifting was observed*!®3!8. Furthermore,
fluorescence emission spectra were also performed. As can be seen in Figure 64b, 5-FU and G2.5(COONa)3./5-
FU present similar fluorescence intensity, whereas it is much higher for the G2.5COO(DACHPt),¢s/5-FU
system (in this case, fluorescence intensity is five times greater than in the G2.5(COONa)32/5-FU system).
This means that the combination of 5-FU and DACHPt increases the fluorescence, not observing any
quenching effect. Because they are aromatic drugs, the fluorescence probably presents an increase when

combined with the two.
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Figure 64: a) UV-vis spectra of G2.5COO(DACHPt),6/5-FU, G2.5(COONa)32/5-FU, and 5-FU b) Emission spectra (Aex
= 380 nm) of G2.5COO(DACHPt:¢/5-FU, G2.5(COONa)3,/5-FU and 5-FU. In UPW spectra were recorded at the same
5-FU concentration ([5-FU] = 10 pg).

As can be observed from Table 22, the zeta-potential increases from -10.8 mV in the metallodendrimer
G2.5COO(DACHPt)16 to 0.82 mV in the G2.5COO(DACHPt),6/5-FU system, corroborating the loading of 5-
FU in the G2.5COO(DACHPt)6. A similar trend was observed in the zeta-potential when the G2.5(COONa)s»
dendrimers were loaded with 5-FU. This difference suggests that 5-FU was encapsulated inside the
metallodendrimers, also because the measured charge of the 5-FU was 4.48 mV. The positive charge of 5-FU
is because, at lower pHs values (below than pH 8), the 5-FU becomes protonated, forming different cationic

structures®”. And the pH of the water used for the measurements was 6.5.

Table 22: Zeta-potential of G2.5COO(DACHPt);¢/5-FU and G2.5(COONa)3,/5FU (n=3) in filtered UPW.

Compounds Zeta-potential (mV)
G2.5COO(DACHPY)16 -10.8 £0.26
G2.5COO(DACHPt)16/SFU 0.82 +0.11
G2.5(COONa)sz -47.77 £ 1.46
G2.5(COONa)s2/5FU -41.13 £ 0.49

The FTIR spectrum of G2.5COO(DACHPt)s/5-FU is shown in Figure D21 (see annex). A shift in the
characteristics absorption bands of G2.5COO(DACHPt);s metallodendrimer is observed after encapsulation
of 5-FU. The amide I band C=0 stretching at 1640 cm™ moves to 1644 cm™ and amide II band, due to the N-
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H bending from 1560 cm! to 1586 cml. This shift is due to hydrogen bonding between the 5-FU and
metallodendrimer®'®. Furthermore, shifts in the signals of 5-FU carbonyl group C=0 (from 1658 cm™ to 1644
cm!) and of the C—F stretching band (from 1244 cm™ to 1262 cm™) are visible*?!. Likewise, a shift of amide
I band, from 1638 cm™ to 1644 cm’!, and amide II band from 1564 cm™ to 1586 cm™! is observed for the
G2.5(COONa)32/5-FU after the drug encapsulation (see annex Figure D22). In addition to the
characterizations carried out, the complexes G2.5COO(DACHPt)/5-FU and G2.5(COONa)3/5-FU were
characterized by NMR (‘H, **C, and °F). The G2.5COO(DACHPt),6/5-FU has an upfield shift of the protons
in the 'H-NMR spectrum (Figure 65). The characteristics protons of 5-FU are visible in the spectrum after
encapsulation (shifting only 0.1 ppm). For the *C-NMR spectrum, a shift is observed for the carbons bonded
just after to the amide groups inside the metallodendrimer, and the carbons bonded after to the tertiary amine
groups from 48.63 ppm to 48.86 ppm (Figure 66). The carbon signals of the amide groups inside the
metallodendrimer also shift from 173.68 ppm to 173.08 ppm. Regarding to the 5-FU carbon signals, the only
signal visible in the spectrum is the signal related to the C-6 carbon, meaning that the carbonyl groups and
amide groups are involved in the interaction with the metallodendrimer. The YF-NMR spectrum (Figure 67)
reveals a non-significant shift (0.08 ppm), probably because the fluorine group is not involved in the interaction
with the metallodendrimer. Based on the previous results, we suggest, that 5-FU molecules should be bonded

through the amide and tertiary amines groups of the metallodendrimers.

5-FU

G2.5CO0(DACHPt),s/5-FU & &

G2.5COO(DACHPt);;
HN

Figure 65: 'H-NMR spectrum of G2.5COO(DACHPt)15, G2.5COO(DACHP1)16/5-FU and 5-FU in D,0.
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Figure 66: *C-NMR spectrum of G2.5COO(DACHPt);6, G2.5COO(DACHPt)6/5-FU and 5-FU in D,O.

5-FU &
7 2
I |
5
(o]
G2.5COO0(DACHPt),5/5-FU . 2
¢ g
[
5
r T T T T T T T T T
20 -40 -60 -80 -100 120 140 -160 ppm

Figure 67: ’F-NMR spectrum of G2.5COO(DACHPt)6/5-FU and 5-FU in D,0.
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As described in Chapter II, in the "H-NMR spectrum of G2.5(COONa)s,/5-FU (Figure 44) it is possible to
observe a downfield shift in all the characteristic signals of the G2.5(COONa);» PAMAM dendrimer after
encapsulated 5-FU molecules, which is prominent in the signals of methylene protons present at tertiary amine
groups and of the amide groups. Even though it is not so significant, this evidence is also perceptible in the
BC-NMR spectrum (Figure 45), particularly in the carbons bonded after the tertiary amine group (from 49.78
to 50.13 ppm) located in the complex’s interior and also in the carbon bonded after the amide group located
just below to the surface (from 34.9 ppm to 34.2 ppm). The corresponding signal of the amide carbons, located
inside the dendrimer, shifts from 178.82 ppm to 177.57 ppm, corroborating the presence of 5-FU inside the
dendrimer and not attached to its surface. Moreover, the carbon signal from the carboxylic end groups does
not shift. Regarding 5-FU, in general, a slight shift of the carbons was observed, with the signal of carbon C-
2 absent after encapsulation and the C-4 carbon presenting a significant shift (from 159.74 ppm to 156.78
ppm), suggesting that the carbonyl group is protonated and this is the main group that interacts with the
PAMAM dendrimer. Besides, the fluorine signal in the ’F-NMR spectrum is shifted downfield (Figure 46),
indicating that it is also involved in the interaction with the PAMAM dendrimer.

3.3.2. Cytotoxicity of the complex

A2780CisR and CACO-2 cancer cell lines were used to evaluate the cytotoxicity of G2.5COO(DACHPt):6/5-
FU system and were selected because 5-FU is used in the treatment of colorectal cancer, but also in the cases
of other cancer types, such as ovarian cancer’??>3?* The results are presented in Figures D17 and D18 (see
annex) and the ICso in Table 23. From the ICso values, we observe that G2.5COO(DACHPt)16/5-FU system,
compared to free 5-FU and G2.5(COONa);»/5-FU, has an ICso much lower in both cancer cell lines, which is
due to the presence of the metallic fragments in the dendrimers that should be released a long time and exert
their anticancer activity. When using the A2780cisR cells, the ICso value decreases from 1.1 uM to 0.2 uM for
the non-loaded and the loaded metallodendrimer, respectively. The G2.5COO(DACHPt):¢/5-FU system seems
to be more effective 5.5 times than G2.5COO(DACHPt)is metallodendrimer. But when compared with
(G2.5(COONa)3/5-FU system and 5-FU is more efficient in these cancer cells. However, when using CACO-
2 cells, the ICso slightly increases when 5-FU molecules are loaded into the metallodendrimer. As such, it
seems that the metallic fragments-induced cytotoxicity dominates over the cytotoxicity of 5-FU. This is evident
when we compare the ICso values for the free drugs oxaliplatin and 5-FU as ICso (oxaliplatin) <<ICso (5-FU).
Indeed, the G2.5COO(DACHPt);6/5-FU has less encapsulated 5-FU molecules (11 molecules) than
G2.5(COONa)3/5-FU (13 molecules), and it is more cytotoxicity in both cancer cells. In vivo, however, one
should expect beneficial effects of the co-delivery of DACHPt and 5-FU, as happens when combined therapy

is used in the patients.
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Table 23: ICso values of the prepared DACHPt-metallodendrimers toward A2780CisR and CACO-2 cancer cell lines.
Results are expressed as mean + SD three independent experiments performed in triplicate.

A2780CisR CACO-2
ICso = SD (uM) ICso £ SD (uM)
5-FU > 154 > 154
G2.5COO(DACHPt);/5-FU* 02+0.1 0.65 + 0.06
G2.5(COONa)s,/5-FU* >25 >2.5

*For the calculation of the MW, the estimated number of 5-FU molecules carried by the dendrimer was taken into account.

3.3.3. Hematoxicity of the complex

The hematoxicity of G2.5COO(DACHPt),6/5-FU was evaluated by the release of hemoglobin from blood cells.
The results of hemolysis (Figure 68) show that G2.5COO(DACHPt),s/5-FU system and the 5-FU are not
hemotoxic at concentrations 0.1 and 1 pg/mL, only achieving ca. 5% of hemolysis. Nonetheless, when we
increase the concentration to 5 pg/mL, the percentage of hemolysis significantly increases to a value between

24-26% for all the compounds, which should be attributed to 5-FU presence.
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Figure 68: Hematoxicity of the free 5-FU, G2.5(COONa)s,/5-FU and G2.5COO(DACHPt):6/5-FU in healthy human
blood. Blood was treated for 3 h with different concentrations (0.1, 1, and 5 ng/mL) of the metallodendrimers and free 5-
FU. The positive and negative control are represented by C* and C, respectively. The results are expressed as mean + SD
of at least three independent experiments performed in triplicate.
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Chapter III — Improving the efficacy of DACHPt and 5-FU anticancer drugs using anionic PAMAM dendrimers as drug
delivery system
3.3.4. Invitro drug release
From Figure 69, we can conclude that, after an initial faster release of the 5-FU drug from
G2.5COO(DACHPt):16/5-FU and G2.5COO(COONa)3,/5-FU systems, drug release starts to be sustained a long
time, achieving maximum values of 57% and 46% of cumulative release after 24 h, respectively. That is, drug
release seems to be higher for the metallodendrimer than for the G2.5(COONa)s, dendrimer. On the other end,
decreasing the pH value does not affect drug release, which means that our system is not sensitive to the pH,
which, as it is known, may change towards more acidic values in the microtumor environment. However,
comparing the release of the free drug, it is observed that metallodendrimer releases 5-FU more slowly,
allowing the bioavailability of the drug to be prolonged in the circulation of blood. This behavior is important,

because 5-FU has a short time bioavailability in blood circulation®®.
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Figure 69: Release profile of 5-FU from DACHPt-metallodendrimer and anionic PAMAM dendrimer in pH 5 and 7.4 at
37°C.

4. Conclusions

Half-generation PAMAM dendrimers (G0.5-G3.5) with carboxylate end-groups were used as nanocarriers of
the active metallic fragment DACHPt to take advantage of its good anticancer activity and to overcome some
of the associated problems of the free drug DACHPtCl,, such as its low water solubility. All things considered,
we can conclude that DACHPt-metallodendrimers were successfully synthesized in a bidentate form.
Furthermore, the DACHPt moiety was coordinated on the surface of the anionic PAMAM dendrimers. As far
as we know, these metallodendrimers were prepared for the first time in these generations. Previous studies

have only shown the use of generation 4.5 anionic PAMAM dendrimer and generation 3 amine-terminated
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PAMAM dendrimer and other polymers?**¥7-344-346_The coordination of DACHPt fragment in the bidentate
form, where the metal is linked with two bonds to the dendrimer, should increase its retention, preventing it
from being released into the bloodstream and thus interacting with other cellular components until reaching
the target site. In this sense, the aquation of DACHPtCI, was carried out before its conjugation to the PAMAM
dendrimers (G0.5-G3.5). After the characterization of the DACHPt-metallodendrimers by various techniques
(NMR, FTIR, UV-Vis and fluorescence spectroscopy, zeta-potential, MS, and EA), their cytotoxicity in
different cancer cell lines (A2780, A2780CisR, MCF-7 and CACO-2) were evaluated. The cytotoxicity assay
showed that DACHPt-metallodendrimers have an in vitro cytotoxic effectiveness higher than oxaliplatin in
several cell lines. The toxicity toward the red blood cells was also evaluated, revealing a low hemotoxicty of
the DACHPt-metallodendrimers. For the further assay, G2.5COO(DACHPt),s metallodendrimer was used to
evaluate the DNA binding. DNA binding studies in the presence of increasing CT-DNA concentrations
revealed a hyperchromic effect indicating a disruption in the DNA double helix. The prepared DACHPt-
metallodendrimers were also shown to be able to load and release the anticancer drug 5-FU, although the
cytotoxicity of the metallic fragment DACHPt dominated over 5-FU cytotoxicity. However, in the A2780Cis
cancer cells, the G2.5COO(DACHPt)6/5-FU system showed to be 5.5 times more cytotoxic than
G2.5COO(DACHPt)16 metallodendrimer. The in vitro release studies showed that the 5-FU is released slower
from the G2.5COO(DACHPt):6/5-FU compared to the free 5-FU in both pH media (5 and 7.4). Nevertheless,
the release of 5-FU from G2.5COO(DACHPt)16/5-FU system is not sensitive to pH. In conclusion, promising
results on the use of DACHPt-metallodendrimers alone or combined with 5-FU were obtained in vitro, and
further studies, including in vivo experiments, should be done in the future to confirm the full potential of these
systems. Indeed, we believe that it will be possible to optimize the DACHPt-metallodendrimer/5-FU systems
(preparation, scale-up, and integration of a third drug) to act as an alternative for the current FOLFOX

chemotherapy regimen used to treat stage III of colorectal cancer and its recurrences.
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Intrinsic blue fluorescence of oxidized PAMAM
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Chapter IV - Intrinsic Blue Fluorescence of oxidized PAMAM dendrimers

1. Introduction

In the biomedical field, PAMAM dendrimers have been studied as potential nanocarriers for drugs, genes,
and/or bioimaging contrast agents30-84107.110.128.347350 Nevertheless, their application in the treatment and/or
diagnosis of diseases or other medical conditions may be limited by the inherent toxicity associated with their
amine termini and the lack of a strong intrinsic traceable signal that would allow their localization within cells
or tissues®*'>*°! To overcome these limitations, different strategies have been used, e.g., decreasing or
masking the amine groups at the dendrimer’s surface and labelling the dendrimer with fluorescent molecules,
which often imply important modifications in dendrimer’s properties and unwanted changes in their biological
behavior!*352_ For instance, the labelling of dendrimers with fluorescent probes may impact their cytotoxicity
profile and modify their mechanisms of cellular internalization!!4332,

A less known strategy relies on exploring PAMAM dendrimers’ intrinsic fluorescence!!7:118:120.122.353 " ywhich
was recently attributed by Donald Tomalia e al to a non-traditional intrinsic luminescence (NTIL)
phenomenon '° that does not involve aromatic or extended 7-systems but rather electron-rich hetero-atomic
sub-luminophores (HASLs) confined within macromolecular architectures. This NTIL phenomenon is
associated with a fluorescence emission that is often amplified by the rigidification of molecular structures or
by HASLSs clustering!!*** Indeed, several experiments indicate that the observed weak intrinsic fluorescence
of PAMAM dendrimers does not arise from their surface chemical groups but, instead, stems from chemical
entities present in their internal ordered dendritic structure, like the interior amide and tertiary amine moieties
that possess electron-rich heteroatoms!'>!'7-12234 In fact, NTIL emission can be observed in PAMAM
dendrimers with the amine, hydroxyl, or carboxylate groups termini'!” and can be drastically enhanced through
an oxidative treatment, such as direct oxygen exposure''® or by using ammonium persulfate (APS,
(NH.)2S,05)"'8. Another important feature that should be referred to is that the fluorescence intensity shown
by the APS-treated dendrimers was significantly pH-dependent, increasing in acidic conditions''*!*! like
already observed for pristine dendrimers'!’.

The cumulative evidence of the existence of the NTIL phenomenon in the case of dendrimers, the interesting
seminal works of Imae Toyoko et al. 116:117:119.122355.356 'an(d our previous work in the application of dendrimers
in the biomedical field!!*-128347:348:357360 ed yg to study in more detail the non-intrinsic fluorescence presented
by APS-treated dendrimers. Here, three generations of amine-terminated PAMAM dendrimers (G3, G4, and
G5) were oxidized with APS and, after characterization by proton nuclear magnetic resonance (H-NMR) and
Fourier transformed infrared (FTIR) spectroscopies, their fluorescence properties were evaluated in solution
and lyophilized forms for a better understanding of the possible mechanism underlying the observed enhanced
intrinsic fluorescence. As far as we know, this is the first study of the NTIL phenomenon in APS-treated
dendrimers without the interference of the solvent. Furthermore, since the ultimate purpose of these dendrimers
is their potential application in the biomedical field, the effect of pH on their fluorescence intensity was studied,
as well as their cytotoxicity, hematoxicity, and visualization inside cells. In addition, the anticancer drug

doxorubicin was loaded to the APS-treated G4 PAMAM dendrimer and its release study in different pH media.
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2. Experimental

2.1. General

Except for PAMAM dendrimers, all the reagents were used as received. Amine-terminated PAMAM
dendrimers G3 (26.80 w/w %), G4 (9.99 w/w %), and G5 (19.13 w/w %) with an ethylenediamine core were
acquired from Dendritech Inc. having methanol as solvent. Before use, they were dialyzed to remove
impurities. Ammonium persulfate (APS, (NH4),S:05) was supplied by PANREAC (puriss. p.a., ACS reagent,
reag. Ph. Eur.), potassium dihydrogen phosphate by Merck, potassium ferricyanide by Riedel-de-Haén,
potassium cyanide by Aldrich and Triton-X by Merck Millipore. Fluorescence grade pyrene was purchased
from Sigma-Aldrich. The ultrapure water (UPW) used in the synthesis was obtained with a Millipore Milli-Q
with a resistivity higher than 18.2 MQ-cm. All the media, solutions, and reagents used for cell culture
manipulation were purchased from Life Technologies (Thermo Fischer Scientific) unless otherwise stated. The
hemoglobin used in the hemotoxicity assays was from bovine blood and was purchased from Sigma-Aldrich.
The healthy human blood was supplied by Hospital Dr. Nélio Mendonga (SESARAM) under a collaboration
between the University of Madeira/Centro de Quimica da Madeira and the SESARAM haematology service.

2.2. APS-treatment of PAMAM dendrimers and structural characterization

The same methodology was used for the three generations of PAMAM dendrimers. Briefly, an aqueous
solution of the PAMAM dendrimer (0.2 mM) and an aqueous solution of APS (0.1 M, 20 eq. mol) were stored
in the fridge for 30 min. Afterward, the APS aqueous solution was dropwise added into the PAMAM dendrimer
solution. The mixture was allowed to react under magnetic stirring at room temperature for three days. The
solution was then lyophilized, always leading to a pale-yellow viscous liquid. Proton nuclear magnetic
resonance ("H-NMR) spectra were recorded with a Bruker Avance I+ UltraShield™ 400 Plus Ultra Long Hold
NMR spectrometer at room temperature using D,O as a solvent. Chemical shifts (8) were reported in ppm and
referenced relatively to the residual proton of the deuterated solvent. The Fourier transformed infrared spectra
(FTIR) of lyophilized samples were recorded in KBr pellets using a PerkinElmer Spectrum Two spectrometer

at the 4000-400 cm™ range.

2.3. UV-Vis spectroscopy and photoluminescence studies

The obtained pale-yellow viscous liquids containing the oxidized PAMAM dendrimers were dissolved in
ultrapure water, irradiated using UV light (366 nm) to collect the images of Figures 74 and E7 (see annex).
UV-Vis spectroscopy studies in solution were performed in the range of 200-600 nm using a PerkinElmer
Lambda 25 UV-Vis spectrometer. Photoluminescence (PL) studies in solution were done using a PerkinElmer
LS 55 fluorescence spectrometer in the range 300-700 nm using a 10-mm-path quartz cell and excitation and

emission slit widths set at 12 nm and 5 nm, respectively. Emission spectra were recorded using an excitation
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Chapter IV - Intrinsic Blue Fluorescence of oxidized PAMAM dendrimers

wavelength of 380 nm (), and excitation spectra were recorded, setting the emission wavelength at 450 nm
(Aem). Studies at different pH values were conducted in a universal buffer solution (6 g of citric acid, 3.9 g of
monopotassium phosphate, 1.8 g of boric acid, and 5.3 g of diethyl-barbituric acid in 1 L of UPW) by adjusting
the pH of solutions with HCIl or NaOH 1M solutions. Relative quantum yields for the APS-treated PAMAM

dendrimers were calculated using the single point method?*!. The following equation was used:

_ 0,10
Q= Qi pamm (4)

where Q is the fluorescence quantum yield, / the integrated fluorescence intensity, » the refractive index of the
solvent (water), and OD the optical density. The subscript R denotes the value for the reference, that is, for the
fluorophore of known quantum yield. The reference fluorophore used was pyrene in cyclohexane, which
presents a quantum yield of 32% (Aex = 317 nm)*®. The concentration used for pyrene and APS-treated
PAMAM dendrimers was 1x10°M. The absorbance value used was the value at the wavelength of 380nm
(the excitation wavelength used in fluorescence emission studies).

The diffuse reflectance of the lyophilized material was measured in the 250 — 500 nm spectral range using an
Agilent Cary 5000 spectrophotometer equipped with an integrated sphere. The PL spectra of the lyophilized
material were conducted using a 405 nm picosecond pulsed diode laser (Edinburgh Instruments EPL-405) with
a typical pulse width of 80 ps. The emission spectra and the fluorescence decays were recorded using a
fluorescence spectrometer with a single photon counting multichannel plate photomultiplier and dedicated
acquisition software (Edinburgh Instruments LifeSpec II and F900 software). Fitting of the fluorescence
decays to multi-exponential decay functions were performed using the reconvolution of the instrumental

response function (IRF) of the equipment (Edinburgh Instruments FAST software).

2.4. Cytotoxicity evaluation

CAL-72, a human osteosarcoma cell line, and NIH 3T3, a mouse fibroblast cell line, were purchased from
DSMZ. Both cell lines were cultured in Dulbecco's Modified Eagle's medium (D-MEM) containing 1% (v/v)
antibiotic-antimycotic 100x solution (AA, containing penicillin, streptomycin, and amphotericin B) and 10%
(v/v) foetal bovine serum (FBS), at 37°C, in a humidified atmosphere with 5% carbon dioxide. For CAL-72
cells, the medium was also supplemented with 1% (v/v) insulin-transferrin-selenium 100x solution (ITS) and
1% (v/v) L-glutamine solution 100x.

Both cell lines were cultured in 48-well plates at a seeding density of 10 x 103 cells per well for cell culture
experiments. After 24 h, the medium was replaced with a fresh one, and the cells were incubated with the APS-
treated PAMAM dendrimers (G3, G4, and G5) prepared in PBS buffer (pH 7.4) within a range of
concentrations 0.25 — 20 uM. Pristine PAMAM dendrimer solutions were used as controls. The cytotoxicity

of APS-treated dendrimers was indirectly evaluated by measuring the metabolic activity of cells through the
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resazurin reduction assay. After a 48 h incubation period, the cell culture medium was replaced with a new
medium containing resazurin at a concentration of 0.1 mg/mL, and cells were further incubated for more 3 h
at 37°C. Afterwards, aliquots of cell medium were transferred to the wells of 96-well opaque plates, and the
fluorescence of resorufin was measured using a PerkinElmer VICTOR3™ microplate reader (Aex= 530 nm, Aem
=590 nm). The metabolic activity is presented as a percentage of the control (cells culture in the absence of
dendrimers). The results are expressed as the mean + SD of two independent experiments with three replicas

each.

2.5. Hematoxicity evaluation

Hematoxicity assays were carried out using fresh and healthy human blood. For the determination of the total
hemoglobin concentration in the original blood, a 250-fold dilution of blood was prepared in
cyanmethemoglobin reagent, which is also called C reagent (20 mL of blood in 5 mL of C reagent). The C
reagent (50 mg potassium ferricyanide, 12.5 mg potassium cyanide, and 35 mg potassium dihydrogen
phosphate in 250 mL of distilled water) was prepared in an amber bottle with 250 ml Triton-X, and its pH was
adjusted to 7.4. A standard curve for hemoglobin was then established using hemoglobin from bovine blood
(see annex Figure B1). For that purpose, a stock solution of the protein (1.5 mg/mL) was prepared using C
reagent as the solvent. From this stock solution, serial dilutions were performed to obtain standards of known
concentration (0.20, 0.37, 0.54, 0.7, 0.88, 1.05, 1.22, and 1.39 mg/mL), and the absorbance was measured at
550 nm. The C reagent was used as the blank. The purity of the commercial hemoglobin was very good, as
assessed by the ratio of absorbance values at 550 nm and 405 nm. The absorbance of the diluted solution of
blood was then measured, and its concentration was determined. For the hemotoxicity evaluation of the
oxidized dendrimers, the compounds were dissolved in distilled water (30 uM) and diluted to concentrations
of 0.1, 1, and 5 uM using PBS solution (Mg?"Ca®" free). Then, 1 mL of a 10% (v/v) blood solution was
prepared in PBS (Mg?"Ca?" free), and 10 pl of this solution was placed into microcentrifuge tubes, one for
each compound and concentration to test, including a positive and negative control. Then, the blood solution
was added to 70 pl of each sample and 70 pl of water or PBS for the positive and negative controls,
respectively, and incubated for 3 h at 37°C. Following the incubation period, the mixture was centrifuged at
3800 rpm for 10 min. Then, 40 pl of each supernatant was transferred to 96 well plates, and 160 pl of the C
reagent was added. The absorbance values of the supernatants were measured at 550 nm in the microplate
reader, and the prepared standard curve was applied to determine their hemoglobin concentrations. The same
procedure was performed for the pristine PAMAM dendrimers. Considering the dilutions made throughout the
assay, the percentage of hemolysis was then calculated for each situation from the ratio between the
hemoglobin concentration in the sample’s supernatant and the total value that was initially present multiplied

by 100. The results are presented as mean + SD for three independent assays.
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2.6. Fluorescence microscopy studies

The human bone osteosarcoma epithelial (U20S) cell line was cultured in Dulbecco's modified Eagle's
medium (DMEM, high glucose, GlutaMAX) with 10% (v/v) FBS and 1% (v/v) penicillin-streptomycin
solution under standard cell culture conditions. Cells were grown at 37°C in a 5% carbon dioxide incubator till
50-80% confluence before being used in the experiments. Cells were then incubated with the APS-treated
PAMAM dendrimer G4 for 24 h at 2 puM. Cell culture images were collected using a Cell Observer
fluorescence microscope (Zeiss) with a 40x objective, equipped with a black and white photographic camera

(Zeiss Axiocam 503 mono) and Zen software image acquisition.

2.7. Encapsulation of DOX

APS-treated PAMAM G4 (10 mg, 0.0007 mmol) was dissolved in 1.5 mL of distilled water. DOX (10 eq. mol)
in 300 pL of MeOH and 5uL of tricthylamine to neutralize the HCL. Then, the DOX solution was added
dropwise into the aqueous solution of APS-treated PAMAM dendrimer G4 and vigorously stirred overnight in
the dark. The APS-treated PAMAM dendrimer G4/DOX solution was centrifuged at 7000 rpm for 10 min to
remove the free DOX. Then, the precipitated was collected and dissolved in MeOH for UV analysis using a
PerkinElmer Lambda 25 UV-Vis spectrometer and the supernatant lyophilized to obtain the APS-treated
PAMAM G4/DOX. The absorbance at 483nm was used to calculate the percentage of encapsulated DOX. The

same procedure was performed for the non-treated amine-terminated PAMAM dendrimer G4.

2.8. In vitro drug release

The DOX release was carried out in PBS (pH 5 and pH 7.4) at 37°C. APS-treated PAMAM G4/DOX, non-
treated PAMAM dendrimer G4, and free DOX were dissolved in 300 uL of UPW and sealed in a mini dialysis
device MWCO 2000 Da). The dialysis device was immersed in 10 mL of PBS at pH 5 and 7.4, respectively.
The compounds were weighed according to the DOX amount (2.5 pg). At different time intervals, it was taken
out 100 pl of the dialysate to a 96-well opaque plate and replaced with 100 pl of PBS at pH 5 and 7.4. The
absorbance of DOX releases was measured using a PerkinElmer VICTOR3™ microplate reader and then

determined through a calibration curve for each pH value of PBS (5 and 7.4).

3. Results and discussion

3.1. Structural characterization of dendrimers

Three different generations of PAMAM dendrimers with amine terminal groups (G3, G4, and GS5) were
oxidized using ammonium persulfate and characterized by 'H-NMR. Comparing each spectrum obtained with
the corresponding spectrum of the pristine dendrimer, it is possible to observe a downfield shift of the main

NMR signals for the APS-treated PAMAM dendrimers (see Figures E1-E3 in the annex, as well as Table E1).
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In fact, it is known that beyond hydrogen peroxide that decomposes originating oxygen, APS hydrolysis also
gives rise to other chemical species in solution, such as permonosulfuric acid, peroxymonosulfate, and sulfuric
acid*®. Although the effect of APS on PAMAM dendrimers is still not very well understood, there is evidence
that these species confer an acidic environment and cause the protonation of dendrimer’s amine groups'?'. Our
"H-NMR results support this finding since the protonated amines will act as electron-withdrawing agents and
cause the downfield shift of the signals arising from the protons in the vicinity of both the primary and the
tertiary amines. Imae ef al. also reported the downfield shift of the signal of the methylene protons adjacent to
the peripheral amines''’ for APS-treated dendrimers. In our case, a deshielding of the protons surrounding the
tertiary amines was observed too. Additionally, the strength of hydrogen bonds between the oxygen in the -
C=0 moiety and the proton in the -NH moiety increases under acidic conditions, which further contributes to
proton deshielding!?!. This behavior was similar for all the tested dendrimer’s generations.

The amine-terminated PAMAM dendrimers and APS-treated ones were also studied by FTIR (see the annex,
Figures E4 to E6). The spectra of all three generations of pristine dendrimers show the characteristic bands of
the amide group (CONH-)!21-364366 The amide A band due to N-H stretching vibration (very sensitive to the
strength of hydrogen bonds) appears at 3200-3300 cm™'. Amide B, an overtone of amide II, can be seen around
3080 cm™. Amide I, an intense band mainly associated with the C=0O stretching vibration, arises near 1635 cm
! Amide II band, mainly resulting from in-plane C-N-H bending and C-N stretching, is also evident near 1550
cm!. Other amide-associated bands (from III to VI) are also present in the spectra, although more difficult to
be analyzed. Methylene groups bands appear at around 2945cm™ (asymmetric C-H methylene stretching),
2850 cm™ (symmetric C-H methylene stretching), and 1435-65 cm™ (H-C-H scissoring and asymmetric
deformations). Shoulders at near 1060 cm™ reflect the -C-N stretching band for tertiary amines. Two bands
from skeletal C-C stretching at 1130-1150 cm™ can also be seen in the spectra. The primary amines present at
the surface of dendrimers should absorb radiation in the region 3250-3400 cm™ (due to two modes of N-H
stretching), and the correspondent bands appear overlapped with amide A band and, possibly, with bands
related to the presence of traces of water.

The APS treatment has a strong impact on the FTIR spectra of dendrimers, which includes the effect of the
generated acidic environment that results in amine protonation, as well as the presence of sulfur-containing
chemical species produced during APS hydrolysis. Indeed, Govindachetty Saravanan and Hideki Abe'?!
showed by XPS analysis that SO4* (sulfur VI) and S,05%*/S* (sulfur II) ions are present in PAMAM dendrimers
with hydroxyl termini after APS treatment. These are stable ions that end up interacting with the protonated
amine groups. Our results with PAMAM dendrimers with amine termini are generally in line with this work.
A broadband is evident above 2400 cm™, resulting from the overlap of several signals, including those from
protonated amines (ammonium groups). Another broadband appears around 1105 cm™ due to the overlapping
of the -C-N stretching band of tertiary amines, the bands from skeletal C-C stretching, and also the bands
related with the presence of sulfur species (namely the SO4* that usually presents a band correspondent to
asymmetric stretching around 1090 cm™). After the oxidative treatment, a sharp band at near 615 cm™ is also

revealed, which can be assigned to certain modes of vibration of the amide group (like amide VI band) or,
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most probably, to the presence of SO4> since this ion shows signals near this frequency caused by out-of-plane

bending vibration®¢’

. The amide I band, which is highly sensitive to small variations in hydrogen bonding,
shifted for higher frequencies (from around 1635 cm™ to 1660 cm™), whereas the signals of methylene groups

became weaker. These findings are consistent with a more acidic environment conferred by APS treatment.

3.2. UV-Vis spectroscopy studies

Figure 70 shows the absorbance spectra of pristine and APS-treated PAMAM dendrimers (generations 3, 4,
and 5) in aqueous solution. After the oxidative treatment, the slight shoulder that appeared around 280-290 nm
in the pristine dendrimers (see Figure 70d that shows the spectra using an expanded scale) became much more

1.3%® performed studies with pristine amine- and hydroxyl-

intense (a band is clearly seen). Richard Crooks ef a
terminated PAMAM dendrimers and concluded that this band is related to radiation absorption by the tertiary
amines present in the interior of the dendritic structure. They showed that the intensity of this band increased
with the rising in pH and that the process was reversible. Our results with pristine dendrimers also reveal the
presence of this band, which increases in intensity with dendrimer’s generation, that is, increases with the
number of tertiary amines present in the dendrimer’s scaffold. However, we show that the same band appears
in the spectra of APS-treated PAMAM dendrimers with intensity values of several orders of magnitude higher
than those observed in pristine dendrimers (Figure 70¢) despite the protonation of tertiary amines in the interior
of the dendrimers. In our experiments, both the pristine and the oxidized dendrimers display an absorbance
band with a maximum at 280-290 nm, in contrast with the observations made by Abe et al. that reported a red-
shift of this band to 360 nm after APS treatment of dendrimers with hydroxyl surface groups!?!.

In should, however, be noticed that the absorption spectra of pristine dendrimers reveal the presence of at least
two more bands in the range 300-400 nm and 400-500 nm (although having a very low intensity). These bands
may also exist in the spectra of APS-treated PAMAM dendrimers through camouflaged by the 280-290 nm
band of higher intensity.
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Figure 70: Absorption spectra of pristine and APS-treated PAMAM dendrimers for generations (a) G3, (b) G4, and (c)
GS5. (d) Absorption spectra are shown on an expanded scale. (¢) Comparison of absorption spectra among the three
generations of APS-treated PAMAM dendrimers. Spectra were recorded at a concentration of 1x 10 M in UPW.
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The effect of pH on the absorbance of generations 3, 4, and 5 of APS-treated PAMAM dendrimers was then
studied by recording absorption spectra in a buffer having the same chemical composition but adjusted to
different pH values (Figure 71). In general, the intensity of the band 280-290 nm increases with dendrimer’s
generation and with the pH value.

When absorbance’s intensity at 284 nm is plotted against pH, it is clear an increase after pH~= 3. At very low
pH, for high levels of dendrimer’s protonation, the absorbance values are identical for all generations. As the
pH rises, the level of dendrimer’s protonation is different for each generation, and absorbance values become
distinct among them. The absorbance is higher for generation 5, followed by generation 4 and generation 3.
Indeed, our results show that the dependency of absorbance at 284 nm on the solution’s pH for APS-treated
PAMAM dendrimers is identical to what Richard Crooks et al. reported for pristine PAMAM dendrimers®®
with both amine or hydroxyl surface termini. Like Richard Crooks et al., we had opposite results to Degang

Fu et al.3% that made UV-Vis experiments with sectorial PAMAM dendrimers with amine surface groups.
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Figure 71: (a) Absorption spectra of APS-treated PAMAM dendrimers recorded in a buffer solution at a concentration

of 1 x 107 M and different pH values; (b) Comparison of absorbance values at 284 nm among the three generations of
APS-treated PAMAM dendrimers.
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3.3. Photoluminescence studies in solution

The pale-yellow viscous liquids obtained after the synthesis of the APS-treated dendrimers were dissolved in
UPW at a concentration of 1x10- M. After irradiation under UV light at 366 nm, a blue luminescence could
be observed. Figure 72 qualitatively shows the extent of fluorescence intensity for G3, G4, and G5 dendrimer
aqueous solutions prepared at the same concentration (G3>G4>GS5). An evident difference in terms of

luminescence was clearly seen among the generations (see also the annex, Figure E7).

Figure 72: APS-treated PAMAM dendrimers (G3-G5) with a concentration of 1 x 10> M in UPW without (a) and under
UV irradiation (366 nm) (b).

Figure 73 shows the excitation and emission fluorescence spectra of pristine and APS-treated PAMAM
dendrimers (generations 3, 4, and 5) in aqueous solution. After excitation at 380 nm, an emission band can be
observed for both cases in the blue spectral region with intensity values much higher for the APS-treated
dendrimers than for the correspondent pristine ones. Although the excitation spectra revealed another band at
ca. 250 nm (see annex Figure ES8), fluorescence emission intensities were higher when 380 nm was used as
excitation wavelength. Interestingly, the excitation spectra show a very weak signal at ca. 280-290 nm, which
corresponds to the dominant absorption band in the UV-vis spectra. So, the blue fluorescence emitted by the
APS-treated dendrimers resulted from excitation in the range 300-425 nm (as mentioned above, radiation
absorption in this wavelength range is clearly observable in the UV-vis spectra of pristine dendrimers and is

probably hidden by the intense 280-290 nm absorption band in the UV-vis spectra of APS-treated dendrimers).
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Figure 73: Emission (Aex = 380 nm) and excitation (Aem = 450 nm) spectra of pristine (a) and APS-treated (b) PAMAM
dendrimers. Spectra were recorded at a concentration of 1 x 10°M in UPW.

The maximum wavelength of fluorescence in the emission spectra had a red-shift from around 437 nm in the
pristine dendrimer’s spectra to about 450 nm in APS-treated dendrimer’s spectra. Moreover, whereas
fluorescence intensity increased with generation in pristine dendrimers (Figure 73a), it had an opposite trend
in the case of APS-treated dendrimers (Figure 73b). However, it must be noticed that these spectra were all

recorded in water. In fact, we could later conclude that the emission of fluorescence by APS-treated dendrimers
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was strongly pH-dependent, a characteristic already reported for pristine PAMAM dendrimers'!’. When
spectra were recorded in buffer solutions of different pH values (Figure 74a), it was evident that fluorescence
intensity was much higher at low pH (Figure 74b), highlighting the role of protonation in the fluorescence
behavior of APS-treated dendrimers.
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Figure 74: Emission (Aex = 380 nm) spectra of generation 3, 4 and 5 APS-treated PAMAM dendrimers recorded in a
buffer solution at a concentration of 1 x 10°M and different pH values; (b) Effect of pH on fluorescence intensity at 450
nm; (c) Effect of pH on the maximum wavelength of fluorescence emission.
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For all three generations of APS-treated dendrimers, fluorescence intensity significantly increases below pH
7, has maximum values in the 3-5 pH range, and then decreases again at very low pH. Unexpectedly, at a pH
lower than 7, generation 4 APS-treated PAMAM dendrimers were the most emissive, followed by generation
5 and only after by generation 3. Indeed, the rise in fluorescence intensity when lowering the pH was much
more marked for the highest generations than for generation 3. Another information that comes out from these
studies is that the maximum wavelength of fluorescence emission increases with an increase in the
concentration of H' in solution (pH decrease), as depicted in Figure 74c. Moreover, there is a pronounced jump
in this value when decreasing the pH from 7-8 to 6, similarly to what happens with the fluorescence intensities.
Interestingly, the pKa of the tertiary amines (around 6.3®) is included within this interval of pH. The
maximum wavelength of fluorescence emission remains constant in the range of pH 2-6 (low emission zone).
These results show that protonation of the tertiary amine groups in APS-treated dendrimers strongly affects
fluorescence emission. Indeed, protonation of the tertiary amine groups in the interior of the dendritic structure
has been associated with molecular conformational and polarity changes®’®. Moreover, as recognized by other
researchers, it will result in high internal repulsion forces among dendrimer branches, thus making the overall
structure more rigid'!”!?!. Rigidity is also promoted by the increase in the strength of the hydrogen bonds that
occurs in an acidic environment'!'’”!. In summary, our photoluminescence studies performed with the APS-
treated dendrimers in solution support the ideas underlying the NTIL phenomenon described by Donald
Tomalia ef al.'**. Fluorescence intensity not only depends on the number of HASLs confined in the dendrimer
scaffold (that is, on dendrimer generation) but is also enhanced by the scaffold rigidification that occurs as a
consequence of APS treatment. Results obtained for the three different generations of dendrimers in Figure 74
should then be a compromise between these two parameters. For example, although APS-treated G4
dendrimers have a lower number of HASLs than their G5 counterparts, they should adopt a more rigid
conformation at low pH conditions that promote fluorescence emission. Also, one should notice that,
independently of the generation, the emission spectra were not symmetrical. Regarding this observation, there
are three possibilities: different HASLs inside the dendrimer structure may exist emitting at different
wavelengths; the same HASLs may exist in multiple chemical environments (at least more than one) that
modulate fluorescence emission; and, finally, both situations may coexist. In fact, a study using quantum
chemical theory methods concluded that there are two potential emitting moieties in pristine PAMAM
dendrimers: the imidic acid resonance structure from amide, which formation is promoted at low pH values;
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and the tertiary ammonium groups formed upon protonation of tertiary amines’®. Calculations assuming the

dendrimers in the gas phase showed that these species could theoretically emit fluorescence at 308 nm (the

)*%>. Also, a recent work devoted to the study of

imidic acid) and 370 nm (the tertiary ammonium group
fluorescence quenching in pristine PAMAM dendrimers points out that there are two distinct fluorescent
moieties in their structure with the emission maxima separated by 40 nm*”?. So, it is reasonable to assume that
the amide and tertiary amine groups that exist in the dendrimer’s scaffold constitute two distinct HASLs with
photoluminescence properties that are dependent on the pH environment that is in turn strongly affected by the

APS treatment. However, it seems that the APS treatment does not exert its effect to the same extent in both
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HASLSs as it causes a red shift in the maximum wavelength of fluorescence. In other words, it increases the
number of HASLs that emit at a higher wavelength, which, according to the literature®®, should be the tertiary
ammonium groups.

The quantum yield of a fluorophore is an important parameter as it informs about the ratio of photons emitted
to photons absorbed; that is, it is a measure of the efficiency of the process. Quantum yields were determined
for PAMAM dendrimers after the oxidative treatment using pyrene as the reference. Generation 3 APS-treated
PAMAM dendrimers were the ones with the highest quantum yield (75%), followed by generation 4 (63%)
and generation 5 (15%). Interestingly, Klajnert-Maculewicz et al. also find out a decrease in quantum yield

with an increase in the generation for pyrrolidone-terminated PAMAM dendrimers®*.

3.4. Photoluminescence studies in lyophilized samples
The absorption spectra of the dendrimers in the lyophilized form were obtained from diffuse reflectance

measurements. The results are given in Figure 75.
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Figure 75: Normalized absorption spectra of pristine PAMAM dendrimers and APS-treated PAMAM dendrimers (G3,
G4, and G5) in the lyophilized form.
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The absorption spectrum of the G3 pristine PAMAM dendrimers is formed by a band centered at about 280
nm, which is in line with what was observed in the previous UV-vis spectroscopy experiments done in solution.
A shoulder appears at the low energy side of the absorption band for pristine G4 and G5 dendrimers, which
evidences the effect of the additional shells of the dendrimer on the absorption centers as the generation
increases (in fact, very low-intensity absorbance bands in the range 300-400 nm and 400-500 nm were also
present in the UV-vis spectra of pristine dendrimers in solution — see Figure 70d). Also, here the APS treatment
has a substantial impact on the absorption spectrum. An intense absorption band appears in the 300-400 nm
spectral range, which overlaps the one centered at 280 nm. As mentioned before, correspondent absorption
bands may be present in the UV-vis spectra of APS-treated dendrimers recorded in solution although
camouflaged by the dominant 280-290 nm band (Figure 70d). However, the experiments with the dendrimers
in the lyophilized form clearly evidence the existence of absorption at wavelengths above 300 nm.

The emission spectra of the APS-treated and pristine G3, G4, and G5 PAMAM dendrimers were recorded
under excitation at 405 nm (Figure 76). In the case of the pristine dendrimers, the emission is formed by two
overlapping bands. One is centered at about 445 nm, and the second around 475-480 nm. The relative intensity
of the second band increases as the generation of the PAMAM dendrimer is higher. The APS-treated
dendrimers present emission spectra formed by the same two overlapping bands, but the relative weight of the
second band is more significant. These results are compatible with the hypothesis of the coexistence of more
than one type of HASLs emitting in the dendrimer structure and that the APS treatment does not affect the

fluorescence intensity of both in the same manner.
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Figure 76: Normalized emission spectra of pristine PAMAM dendrimers and APS-treated PAMAM dendrimers (G3, G4,
and G5) in the lyophilized form (Aex = 405 nm).

A quantitative comparison of the emission intensities in the lyophilized samples remains challenging since
differences in the quantity and compactness of the sample directly influence the result. However, one may

qualitatively say that emission intensities of the same order of magnitude were obtained in this case for the
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APS-treated and the pristine PAMAM dendrimers. This result is quite different from the one observed in the
aqueous solution, where the APS-treated dendrimers showed an emission intensity several orders of magnitude
higher than the pristine ones (Figure 73). To investigate this finding, time-resolved fluorescence measurements

were conducted in G3, G4, and G5 pristine and APS-treated PAMAM dendrimers.

3.5. Time-resolved fluorescence experiments

The decays of the fluorescence of G3, G4, and G5 pristine and APS-treated PAMAM dendrimers were
recorded at the maximum of the emission bands when the excitation was tuned at 405 nm. Both lyophilized
samples and water solutions at a concentration of 2 x 10> M were tested and compared (Figure 77). Based on
the previous experiments and assuming the existence of two HASLs in the dendrimer’s structure, the decay

curves were fitted to a double exponential decay equation:

I(t) = Aje™t/™ 4 Aye~t/m (5)

where 1 and 2 are the decay constants of the fast and slow components, respectively. A; and A, represent the
pre-exponential factors that should correspond to the fraction of each HASLs. An average lifetime (ta) is then

defined by the equation™':

A T3 4A,TS

< Tgy >=
av AT +AT,

(6)

The decay curves were fitted to equation (5), taking into account the reconvolution of the IRF of the
experimental setup. Table 24 shows the pre-exponential factors, 1 and 2, and the average lifetime obtained
from the fitting procedure. In solution and for the three dendrimers generations, the decay of the APS-treated
dendrimers is clearly longer than that of the non-treated precursors, corresponding to higher average lifetimes.
When analyzing the pre-exponential factors, one can see that there is a predominance (99-100%) of very fast
emitting components (0.01-0.02 ns) in the pristine dendrimers, whereas increased higher average lifetimes

(4.92-5.91 ns) are observed in their APS treated counterparts.
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Table 24: Fitting parameters and the average lifetime of G3, G4, and G5 pristine and APS-treated PAMAM dendrimers
in aqueous solution and in lyophilized form.

Az 71 (ns) Az 72(ns) Tav (1S)
Lyophilized
APS-treated G3 0.96 0.83 0.04 5.15 1.78
APS-treated G4 0.64 1.52 0.36 6.68 5.19
APS-treated G5 0.70 1.47 0.30 6.99 5.16
G3.NH; 0.89 1.13 0.11 5.30 2.68
G4 NH, 0.82 1.38 0.18 5.58 3.34
G5.NH, 0.86 1.17 0.14 5.48 3.04
Solution
APS-treated G3 0.81 0.70 0.19 7.05 5.15
APS-treated G4 0.69 1.12 0.31 7.50 591
APS-treated G5 0.82 0.93 0.18 7.27 4.92
G3.NH, 0.9999 0.01 0.0001 3.16 0.01
G4 NH, 0.9999 0.01 0.0001 2.68 0.01
G5.NH, 0.999 0.02 0.001 2.8 0.04

The average lifetimes in APS-treated dendrimers result from a combination of fast emitting components (0.70-
1.12 ns) with slow emitting ones (7.05-7.50 ns) in a proportion of 69-82% and 18-31%, respectively. These
lifetime results agree with the higher emission intensity observed in the APS-treated dendrimers in aqueous
solution compared to the pristine ones (Figure 73). Assuming that the HASLs in dendrimers are the imidic
acid and the tertiary ammonium groups and based on the previous results and data from literature®®, we
propose that the tertiary ammonium groups are the HASLs with longer fluorescence lifetimes. In the
lyophilized form, except for G3 PAMAM dendrimers, APS-treated dendrimers still show higher average
lifetimes than pristine ones (=5 ns vs. =3 ns), although belonging to the same order of magnitude. This explains
the observed qualitatively similar fluorescence intensities for both cases. In APS-treated dendrimers, the
characteristics of both slow and fast emitting HASLs are very similar when comparing the results of the fitting
parameters obtained for lyophilized and solution samples. Nevertheless, the most notable finding in these
studies is when the lyophilized samples of pristine dendrimers are compared with the corresponding solution
samples. Much longer average lifetimes (2.68-3.34 ns) are observed in the lyophilized form than in solution
(0.01-0.04 ns). This can be explained in light of the NTIL theory that states that NTIL emissions can be

115

enhanced by HASLs aggregation'"”. This property is also observable in many other systems and gives rise to
higher fluorescence intensities!!>*73. The mechanism of aggregation-induced emission is very well elucidated
by Ben Tang et al. in an excellent review>”® and maybe here applied for the pristine dendrimers. In solution,
the dynamic intramolecular motions in dendrimers extinguish their excited-state energy, whereas, in the
lyophilized/aggregated form, the restriction of these motions allows the excited state energy to be released by
aradiative pathway. This same mechanism can explain why scaffold rigidification can also result in an increase

in fluorescence intensity. Most likely, this phenomenon does not occur with APS-treated dendrimers since they
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are protonated, and the molecules are less aggregated in the lyophilized sample because of repulsion forces

existing among them.
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Figure 77: Decay of fluorescence of pristine and APS-treated (a) G3, (¢) G4, (¢) G5 PAMAM dendrimers in lyophilized
form and (d) G3, (e) G4; (f) G5 PAMAM dendrimers in aqueous solution.
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3.6. Invitro cytotoxicity studies

For the application of dendrimers as bionanomaterials, it is very important to assure that they will not
compromise cell viability. In fact, regarding PAMAM dendrimers, it is well known that their toxicity behavior
is dependent on the generation, concentration, and type of terminal groups. PAMAM dendrimers with amine
termini can be particularly toxic due to their high positive surface charge under physiological conditions®31%.
As such, we aimed to investigate the cytotoxicity of the APS-treated PAMAM dendrimers and compare it with
that of the pristine dendrimers.

The cytotoxicity of dendrimers was then evaluated in vitro using NIH 3T3 (mouse fibroblasts) and CAL-72
(human osteosarcoma cells) cell lines. The first cell line was used as a model of normal cells, and the second
one as a model of cancer cells as dendrimers are mostly being studied as drug delivery vehicles for cancer-
related applications. A metabolic activity assay (the resazurin reduction assay) was used to assess cell viability,
and results were obtained after 48 h in culture for different dendrimer concentrations as shown in Figure E9
and E10 in the annex (results are expressed as a percentage of the metabolic activity of the control, that is,
cells non exposed to dendrimers). Our results reveal that the viability of NIH 3T3 cells decreased when exposed
to pristine amine terminated PAMAM dendrimers, especially for the higher generations at the higher

83347 Similar results were also

concentrations, which is consistent with the results reported in the literature
obtained with the CAL-72 cell line. However, the APS-treated PAMAM dendrimers were much less toxic for
both cell lines, especially in the case of G3 and G4 dendrimer generations as can be concluded by the analysis
of the ICso values presented in Table 25. These results suggest that the synthesized APS-PAMAM dendrimers
could be potentially used for biomedical applications with an advantage over the pristine PAMAM dendrimers

since they are less cytotoxic and do not compromise the cell internalization and imaging.

Table 25: ICso values for G3, G4, and G5 pristine and APS-treated PAMAM dendrimers. For ICso determination,
experiments were done in the 0-100 uM range.

ICso% SD (uM)
NIH 3T3 cells CAL-72 cells

G3.NH, 39 £5 7.7+0.5

G4.NH, 41+02 1.7+0.1

G5.NH» 1.6 0.1 0.6+0.1
APS-treated G3 > 100 > 100
APS-treated G4 64 +6 97+0.7
APS-treated G5 43+0.1 1.1 £0.2
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3.7. Hematoxicity evaluation

In order to be used as bionanomaterials that need to be administered intravenously, dendrimers should be
compatible with blood, namely by not causing the lysis of red cells. Hemolysis was then assessed for APS-
treated dendrimers and compared with the results for pristine dendrimers (Figure 78). As expected, results
showed that hemolysis increased with the concentration. However, for a concentration of 5 uM or lower,
hemoglobin release was always inferior to 10% in both cases and not significantly different from the negative
control. In fact, the APS-treated PAMAM dendrimers seem to be slightly less hemotoxic at lower
concentrations (0.1 and 1 pM) than the pristine PAMAM dendrimers. In summary, one can consider the APS-

treated dendrimers as compatible with blood in what concerns their hemolysis behavior.
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Figure 78: Percentage of hemolysis caused by pristine and APS-treated PAMAM dendrimers at different concentrations
after 3 h of incubation at 37°C. Results are expressed as mean + SD of three independent experiments with 3 replicas
each.

3.8. Visualization of APS-treated PAMAM dendrimers inside cells

A human bone osteosarcoma epithelial cell line (U20S), known for being easily transfectable, was used to
evaluate the possibility of detecting APS-treated PAMAM dendrimers inside cells, that is, to use them as
bionanomaterials with traceability capability. G4 APS-treated PAMAM dendrimers were selected to be used
in these proof-of-concept assays since, compared to the other dendrimers, they present higher fluorescence
emission intensity in the pH range of interest (see Figure 74). It can be seen in Figure 79, these dendrimers
were able to be endocytosed by cells and can be detected intracellularly as small fluorescent spots. Importantly,
they seem to be present inside cellular vesicles that reside in the cytoplasm. They are probably emitting from
acidic vesicles (like the lysosomes or endolysosomes) since, as seen before, their fluorescence emission is

higher for acidic pH values. Although further experiments are needed to confirm the localization of APS-
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treated dendrimers inside cells, we anticipate that they could possibly be used as fluorescent markers for acidic

vesicle staining.

Figure 79: Fluorescence microscopy image of U20S cells incubated with generation 4 APS-treated PAMAM dendrimers
for 24 h (dendrimers were at a concentration of 2 uM). Bar scale = 10 pm.

3.9. Studies with DOX loaded dendrimers

3.9.1. Loading of DOX

DOX, a non-selective anthracycline is one of the most used anticancer drug in the clinic. This drug presents
activity on solid and liquid tumors, and is commonly used in nanosystems/nanocarriers for cancer treatment*!.
For that reason, DOX was selected in this work as a model to test the encapsulation and release capacity of the
APS-treated PAMAM dendrimer. Considering the previous results from section 3.3, we decided on the APS-
treated PAMAM dendrimer generation 4 and their respective pristine PAMAM dendrimer to encapsulate
DOX. After DOX encapsulation, the loading capacity and loading efficiency were calculated, and the results
are presented in Table 26. Based on the obtained results and compared with the pristine PAMAM G4
dendrimer, the loading efficiency and loading capacity were lower on the APS-treated PAMAM G4 dendrimer,
with 18% and 5%, respectively. This observed decrease in the loading efficiency and loading capacity of APS-
treated PAMAM G4 dendrimer could be because the tertiary and primary amines of the dendrimer treated with
APS are protonated, decreasing the interaction with DOX. Nonetheless, the results indicate that DOX could
be encapsulated into the APS-treated PAMAM G4 dendrimer. Even with these results, this dendrimer can be
relevant for biomedical applications. In fact, this oxidized G4 dendrimer exhibit some benefits when compared

with the pristine PAMAM dendrimer, such as less cytotoxicity and enhanced fluorescence.
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Table 26: Loading efficiency (EE %) and loading capacity (LC %) of the G4/DOX and APS-treated PAMAM G4
dendrimer/DOX.

LE% LC% N° of molecules encapsulated®
G4.NH./DOX 76+3.4 26+23 8
APS-treated G4/DOX 58+5.6 21+23 6

*The number of molecules encapsulated was calculated from the following equation,
i=n (drug)/n (dendrimer), where n (drug) = m (encapsulated drug)/MM (drug) and n (dendrimer)= m (dendrimer)/ MM
(dendrimer) and i is the number of encapsulated molecules.

It is important to highlight that the fluorescence of the encapsulated and non-encapsulated APS-treated
PAMAM G4 dendrimer is nearly similar (Figure 80). As such, we can conclude, despite the necessity for
further studies, that this APS-treated PAMAM dendrimer is a very promising candidate not only for drug

delivery but also for bioimaging applications.
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Figure 80: a) Absorbance and b) emission spectra (Aex = 380 nm) of APS-treated PAMAM G4 dendrimer, APS-treated
PAMAM G4/DOX, and DOX with the concentration of 1x10° M in UPW.

3.9.2. Invitro drug release

The drug release profile of DOX from the APS-treated PAMAM G4 dendrimer was studied in two different
pHs media (5 and 7.4) at 37°C and compared with the pristine PAMAM G4 dendrimer and free DOX. In Figure
81, it is observed that DOX was released from the systems more rapidly at pH 5 than at pH 7.4. Comparing
the APS-treated PAMAM G4 dendrimer with the pristine PAMAM G4 dendrimer, the behavior in the release
profile is quite similar. An initial fast release followed by a sustained release of DOX at pH 5 was noted. A

similar release pattern was also observed for both systems at pH 7.4. This release profile pH-dependent shows
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that DOX encapsulation in the APS-treated PAMAM dendrimer could be more efficient in cancer tissues (acid

pH) than in healthy tissues reducing the drug side effects.
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Figure 81: In vitro release profile of DOX from APS-treated PAMAM dendrimer G4 and pristine PAMAM dendrimer
G4 in different pH media.

4. Conclusions

The spectroscopic behavior of different generations (G3, G4 and G5) of PAMAM dendrimers was evaluated
before and after oxidation with ammonium persulfate. The APS treatment clearly resulted in the protonation
of the interior of the dendrimer and in an enhancement of their intrinsic fluorescence properties. Globally, the
results showed at least two types of emitting electron-rich hetero-atomic subluminophores (HASLs) confined
within the dendrimer scaffold with overlapped emission bands. According to our findings and after analysing
the data from the literature, we believe that these two HASLs correspond to imidic acid moieties (amide
tautomers) and tertiary ammonium groups formed along with the APS treatment. In solution, fluorescence
intensity was dependent not only on the pH and on the number of HASLs in the dendrimer scaffold (that is,
on dendrimer generation) but also on the rigidification suffered by the dendrimer due to the acidic environment
(at a low pH, APS-treated G4 was indeed the most emissive species). Moreover, photoluminescence studies
with lyophilized samples confirmed the coexistence of more than one type of HASLs emitting in the dendrimer
structure. The APS treatment affected these HASLs to a different extent. In accordance with the observed order
of fluorescence intensity, time-resolved fluorescence experiments always showed higher average lifetimes of
HASLSs for APS-treated dendrimers compared to pristine ones. Interestingly, for pristine dendrimers, average
lifetimes were much higher in the lyophilized samples than those in solution, which is evidence of aggregation-
induced emission. In contrast, the fraction and lifetimes of HASLs in APS-treated dendrimers were similar in
solution and in the lyophilized form, probably because these dendrimers are protonated and cannot approach

cach other so easily due to the repulsion forces that are established. Importantly, the highly emissive APS-
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Chapter IV - Intrinsic Blue Fluorescence of oxidized PAMAM dendrimers

treated dendrimers presented lower cytotoxicity and hemotoxicity than pristine dendrimers and were also
detectable inside cells via fluorescence microscopy. The quantum yield, an important parameter in this type of
microscopy, was high, especially for G3 and G4 APS-treated PAMAM dendrimers (75% and 63%,
respectively).

To conclude, the easy preparation of these dendrimers, together with their fluorescence and biological
properties, may promote their use in more widespread applications as bionanomaterials when compared to

traditional PAMAM dendrimers.
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Chapter V — Conclusions and Future Perspectives

1. Conclusions and future perspectives

To summarize, PAMAM dendrimers are a versatile nanoplatform for biomedical applications, as drug delivery
and bioimaging. The anionic PAMAM dendrimers coordinated with cisplatin and DACHPt improved their
solubility and were more toxic against cancer cells when compared with the free drugs. The cationic PAMAM
dendrimers, after oxidation, showed strong blue intrinsic fluorescence being less toxic and able for bioimaging
applications. In addition, both PAMAM dendrimers (anionic and cationic) could deliver anticancer drugs,

increasing their efficacy.

In chapter 2 we described the preparation of low generation anionic PAMAM dendrimers (G0.5-G3.5)
functionalized with cisplatin in mono and bidentate forms. These metallodendrimers were characterized by
NMR, FTIR, UV-vis and fluorescence spectroscopy, zeta-potential, MS, and EA. After, they were tested in
different cancer cell lines and one non-cancer cell line to determine their anticancer activity. The cytotoxicity
results indicated that two of these metallodendrimers, (G0.5(COOPt(NH3)>Cl)s and G2.5(COOPt(NH3),Cl)3,)
conjugated with cisplatin in a monodentate form had an efficacy much higher than free cisplatin in all the
studied cancer cell lines. However, the remaining metallodendrimers showed an improved efficacy than
cisplatin towards a specific cancer cell line. The hemolysis assay showed that the metallodendrimers were not
toxic to the blood cells. For further studies, the GO.5(COO(Pt(NH3),Cl)s G2.5COO(Pt(NH3)2)16, and
G2.5(COOPt(NH3).Cl)3, were used to evaluate the interaction with DNA. The DNA binding results indicated
a strong interaction of the metallodendrimers compared to free cisplatin. The synergetic effect with a second
drug, 5-FU, was performed by encapsulation of 5-FU within the G2.5COO(Pt(NHs):)is, and
G2.5(COOPt(NH3).Cl)s,  metallodendrimers.  The  cytotoxicity  assay  displayed that the
G2.5COO(Pt((NH3)2)16/5-FU and G2.5(COOPt(NH3),Cl)3/5-FU systems were more efficient than the
respective metallodendrimer when tested in CACO-2 cells, suggesting a synergetic effect of cisplatin and 5-
FU. Furthermore, the in vitro drug release studies demonstrated that the encapsulated 5-FU presented a
controllable release compared to free 5-FU in pH 7.4 and 5. The metallodendrimers/5-FU systems also proved

to be sensitive to pH.

In chapter 3, the preparation of low generations of anionic PAMAM dendrimers (G0.5-G3.5) functionalized
with DACHPt and their anticancer activity were evaluated in four cancer cell lines and one non-cancer cell
line. The DACHPt-metallodendrimers were characterized by several techniques such as NMR, FTIR, UV-vis
and fluorescence spectroscopy, zeta-potential, MS, and EA. They presented to be more cytotoxic in the cancer
cell lines study compared to free DACHPtCl, and oxaliplatin. Their interaction with the human red blood cells
was then evaluated. The hemolysis results indicated that the DACHPt-metallodendrimers showed low
hematoxicity at the tested concentrations. For further assays, the G2.5COO(DACHPt),s metallodendrimer was
used to assess the interaction with DNA. The DNA binding studies with the CT-DNA showed a hyperchromic

effect and a strong interaction with DNA compared to oxaliplatin. To increase the potency as an anticancer
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drug, the 5-FU was encapsulated into the G2.5COO(DACHPt);s. The cytotoxicity results showed that
G2.5COO(DACHPt)16/5-FU system was 5.5 times more cytotoxic than G2.5COO(DACHPt)is in the
A2780CisR cancer cell line. Moreover, this complex released the 5-FU drug gradually compared to the
respective metallodendrimer and free drug in pH 7.4 and 5.

In the chapter 4, we prepared fluorescent PAMAM dendrimers (G3-G5) using an oxidative treatment.
Afterward, the spectroscopic behavior of the APS-treated was evaluated and compared with the pristine
PAMAM dendrimers. The results indicated a protonation in the interior of the dendrimer and consequently an
enhancement of intrinsic fluorescence. More specifically, imidic acid moieties and tertiary ammonium groups
formed along with the APS treatment that was responsible for their increased fluorescent properties. In
solution, the fluorescence intensity was dependent on the pH, the generation, and the dendrimer's rigidification
due to the acidic environment. The time-resolved fluorescence studies showed a higher average life-time for
the APS-treated compared to the respective pristine dendrimers. The life-time was similar in solution and
lyophilized forms of the APS-treated PAMAM dendrimers. The quantum yield was also determined, and the
APS-treated PAMAM dendrimer G4 presented a high quantum yield value, 75%. These APS-treated PAMAM
dendrimers showed lower cytotoxicity and hematoxicity than pristine PAMAM dendrimers. Their fluorescence
were also detectable inside the cells. The APS-treated PAMAM dendrimer G4, after encapsulation with DOX,

continued to present fluorescence.

Concluding, the metallodendrimers that showed promising results as anticancer agents can be considered as
good candidates as chemotherapeutic agents. The APS-treated PAMAM dendrimers combining their
fluorescence with their ability to deliver drugs are promising candidates for the detection and treatment of

cancer.

As future perspectives, some complimentary analysis should be performed, such as the determination of the
amount of metal present in each dendrimer. Furthermore, other studies are required to understand the
mechanism of action of these metallodendrimers, such as the accumulation of reactive oxygen species (ROS),
which phase of the cell cycle they act, and the ability to induce apoptosis. Consequently, evaluate in vivo the
metallodendrimers that presented lower ICso values compared to free drugs. Also, in the long term, side effects
studies of the prepared dendrimers/metallodendrimers must be performed to evaluate their efficacy in reducing
or eliminating such effects. In addition, more cytotoxic studies with the metallodendrimers/5-FU are necessary
to demonstrate if the observed effect is indeed synergetic. Moreover, it is expected to prepare the biodegradable
metallodendrimers using the bis-MPA dendrimers and their functionalization with cisplatin and DACHPt.
Then, after the biological studies with these bis-MPS dendrimers, compare their anticancer efficacy with the

prepared PAMAM cisplatin-metallodendrimers and DACHPt-metallodendrimers.

For the APS-treated PAMAM dendrimers, perform other experiments such as intracellular mechanisms and
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Chapter V — Conclusions and Future Perspectives

cytotoxicity studies to evaluate the effectiveness of the APS-treated PAMAM/DOX systems as an anticancer
drug in order to prove their efficacy to be used for bioimaging and cancer treatment. The encapsulation of
other drugs like cisplatin and evaluated their potential as another delivery system for cisplatin. Moreover,

finally, verify if the prepared compounds could be used to diagnose and treat other diseases.
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Annex

Annex
Instrumentation/Characterization techniques- Chapters II and I1I

a. NMR

Nuclear Magnetic Resonances (NMR) experiments were recorded with a Bruker Avance I+ UltraShield™
400 Plus Ultra Long Hold NMR spectrometer at room temperature (probe temperature) at 400, 100, and 86
MHz in D,0 as a solvent. The software used for the NMR plots was Bruker® Topspin 3.6.1. Chemical shifts
(0) are reported in ppm and referenced relatively to the residual deuterated solvent peaks, with the exception
in the '’Pt-NMR were it was used as an external reference the KoPtCly at -1631ppm. The 'H-NMR spectra
were recorded with a spectral width of 6009.615 Hz with 64K data points and a relaxation delay of 1 s. The
BC-NMR it was used a spectral width of 24038.461 Hz with 64K data points and a relaxation delay of 2 s.
And for the '"Pt-NMR a spectral with of 131578.953 and 300000 Hz were used, using 16384 scans with a

relaxation delay of 4 s and a line broadening of 30 Hz.

b. FTIR

The Fourier transformed infrared spectra (FTIR) were recorded using a PerkinElmer Spectrum Two™
spectrometer on KBr pellets in the range of 4000-400 cm™. The plots were obtained using the software
PerkinElmer Spectrum IR 10.6.0. Only the significant bands are reported.

c. Microplate reader

The in vitro cytotoxicity and the hemolysis assay were measured using a Perkin Elmer VICTOR3™ Multilabel

Reader. The software used to treat the data was Wallac 1420 workstation 2.0.

d. Ultraviolet-Visible

UV-Vis and drug release studies were performed using a PerkinElmer UV-Vis spectrometer Lambda with a

cm quartz cuvettes. For software used was UV Winlab 5.2.0. The solutions were prepared in ultrapure water.

e. Fluorescence

Photoluminescence (PL) studies were carried out by using a PerkinElmer LS 55 fluorescence spectrometer
with a lem quartz cuvettes. The software was FL WinLab software 4.00.03. The excitation wavelength used

was 380 nm. The solutions were also prepared in ultrapure water.

f. Zeta-potential

The zeta-potential of the compounds was checked by the technique Dynamic light scattering through the
equipment Malvern, Zetasizer Nano ZS. And with the Zetasizer software 7.12. The solutions were prepared in

ultrapure water with a concentration of 0.3 mg/mL, and the obtained results were obtained from three
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independent measurements. The ultrapure water used was filtered before its use with a filter of 0.2 pm.

g. Mass Spectroscopy

The Mass Spectroscopy (MS) was performed by using the MALDI ionization technique with a ULTRAFLEX
IIT TOF/TOF equipment from Bruker and ESI, electrospray ionization technique, in positive mode, by QTOF
hybrid analyzer model MAXIS II from Bruker. These analyses were made through the Mass Spectrometry
Unit at Interdepartmental Investigation Service at Universidad Auténoma de Madrid. And by the Bruker
Autoflex maX MALDI TOF/TOF Mass Spectrometer at Centro de Quimica da Madeira in University of
Madeira. Accordingly, the G2.5COO(Pt(NH3)2)1s metallodendrimer was characterized by MALDI in the linear
mode using the matrix trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene|malononitrile (DCTB). The
remaining cisplatin-metallodendrimers were characterized by ESI in the positive mode. The compounds were
dissolved in water and the methanol was used as ionizing phase. Regarding to DACHPt-metallodendrimers,
the GO.SCOO(DACHPt)4 and G3.5COO(DACHPt)3; metallodendrimers were characterized by MALDI with
the matrix, a-cyano-4-hydroxycinnamic acid (ACC). However, in the metallodendrimer
G3.5COO(DACHPt)3, was used in the reflector mode. The metallodendrimers G1.5COO(DACHPt)s and
G2.5COO(DACHPt),6 were characterized by ESI in the positive mode. For G1.5COO(DACHPt)s, a direct
infusion of a 1:10 dilution in methanol with 0.1% formic acid of the initial sample solution was performed and
for the G2.5COO(DACHPt);6 was performed in the exact mass with methanol and 0.1% formic acid as ionizing
phase.

h. Elemental analysis

Elemental analysis (EA) were performed by the Elemental Analysis Unit at Interdepartmental Research
Service in Universidad Auténoma de Madrid, through the equipment LECO-CHNS 932.

i. Flow Cytometry

The Flow Cytometer analysis were performed by Flow Cytometer Novocyte® 3000 with fluidics station
(NovoCyte) and autosampler, NovoSampler® Pro (ACEA Bioscience). The acquisition per sample was 10000

events, and the data were treated with NovoExpress™ Flow Cytometer Software 1.2.4.
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Annex

A. Characterization of starting materials

- Anionic PAMAM dendrimers (G0.5-G3.5)
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Figure A1: 'H-NMR spectrum of anionic PAMAM dendrimer GO.S(COONz;)g done in D,O.
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Figure A2: *C-NMR spectrum of anionic PAMAM dendrimer G0.5(COONa)s done in D,O.
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Figure A3: 'H-NMR spectrum of anionic PAMAM dendrimer G1.5(COONa)is done in DO.
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Figure A4: *C NMR spectrum of anionic PAMAM dendrimer G1.5(COONa)¢ done in D>0O.
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Figure AS5: 'H-NMR spectrum of anionic PAMAM dendrimer G2.5(COONa)s, done in D,O.
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Figure A6: *C-NMR spectrum of anionic PAMAM dendrimer G2.5(COONa)3; done in D-O.
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Figure A7: '"H-NMR spectrum of anionic PAMAM dendrimer G3.5(COONa)ess done in D,O.
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Figure A8: *C-NMR spectrum of anionic PAMAM dendrimer G3.5(COONa)¢s done in D-O.
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Figure A9: FTIR spectra of different generations of anionic PAMAM dendrimers (G0.5-G3.5) in KBr pellet.
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Figure A10: UV-Vis spectra of anionic PAMAM dendrimers at a concentration of 500 uM in ultrapure water

239



il — G0.5(COONa):
— — — G1.5(COONa):s

F e G2.5(COONa)s:
200 PN e G3.5(COONa)es

Fluorescence intensity (a.u.)

400 450 500 550 600 650 700
Wavelenght (nm)

Figure A11: Emission (Aex = 380 nm) of anionic PAMAM dendrimers at a concentration of 500 uM in ultrapure water.
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Figure A12: *Pt-NMR spectrum of cisplatin performed in D,O, with K,PtCly as an external reference (-1631 ppm).
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Figure A13: FTIR spectra of cisplatin in KBr pellet.
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Figure A14: UV-Vis spectra of cisplatin at a concentration of 40 uM in ultrapure water.
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Figure A15: Emission (Aex = 380 nm) of cisplatin at a concentration of 500 uM in ultrapure water.
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5-Fluorouracil (5-FU)
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Figure A16: FTIR spectra of 5-fluorouracil in KBr pellet.
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Figure A17: UV-Visible of DNA (10 pM) in Tris-HCI buffer at pH 7.4 buffer.
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B. General — Calibration curves

- Hematoxicity
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Figure B1: Standard curve of Hg using several dilutions: 0.2; 0.37; 0.54; 0.71; 0.88; 1.05; 1.22 and 1.39 mg/mL. The
absorbance was measured at 550 nm.
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Figure B2: Standard curve of 5-Fluorouracil in ultrapure water using different concentrations: 0.25, 0.5, 0.75, 1, 2.5, 5,
7.5, 10, 15, 20 and 25 pg/mL. The absorbance was measured at 266 nm.
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- Invitro release
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Figure B3: Standard curve of 5-Fluorouracil in PBS 5 using different concentrations: 0.25, 0.5, 0.75, 1, 2.5, 5, 7.5, 10,
15, 20 and 25 pg/mL. The absorbance was measured at 266 nm.

L5
s
& Lo
pt
2 Y =0.0537x+0.0032
= 2=
= 05 R*=0.9999
2
=

0.0

0 5 10 15 20 25

Concentration (ug/mL)

Figure B4: Standard curve of 5-Fluorouracil in PBS 7.4 using different concentrations: 0.25, 0.5, 0.75, 1, 2.5, 5, 7.5, 10,
15, 20 and 25 pg/mL. The absorbance was measured at 266 nm.
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C. Chapter II: Cisplatin-based metallodendrimers as anticancer drug

- Characterization

> Monodentate form
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Figure C1: *Pt-NMR spectrum of G1.5(COOPt(NH3),Cl)16 performed in D-O, with K,PtCls as an external reference (-
1631 ppm).
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Figure C2: *Pt-NMR spectrum of G2.5(COOPt(NH3),Cl)s, performed in D,O, with K,PtCls as an external reference
(-1631 ppm).
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Figure C3: FTIR spectra of metallodendrimers conjugated with cisplatin in monodentate form. The spectra was
performed in KBr pellet.
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Figure C4: TOF-MS (ESI +) mass spectrum of G0.5(COOPt(NH3).Cl)s metallodendrimer.
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Figure CS: TOF-MS (ESI +) mass spectrum of G1.5(COOPt(NH3),Cl);6 metallodendrimer.
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Figure C6: TOF-MS (ESI +) mass spectrum of G2.5(COOPt(NH3).Cl)3, metallodendrimer.
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Figure C7: “Pt-NMR spectrum of G1.5COO(Pt(NH3)»)s performed in D,0O, with K,PtCly as an external reference (-
1631 ppm).
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Figure C8: Pt-NMR spectrum of G2.5COO(Pt(NHs),)16 performed in D,0, with K,PtCl, as an external reference (-
1631 ppm).
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Figure C9: *Pt-NMR spectrum of G3.5COO(Pt(NH3)2)32 performed in D,O, with K>PtCls as an external reference (-
1631 ppm).
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Figure C10: FTIR spectrum of metallodendrimers conjugated with cisplatin in bidentate form. The spectrum was
performed in KBr pellets.
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Figure C11: TOF-MS (ESI +) mass spectrum of G0.5COO(Pt(NH3),)s metallodendrimer.
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Figure C12: TOF-MS (ESI +) mass spectrum of G1.5COO(Pt(NH3),)s metallodendrimer.
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Figure C13: TOF-MS (MALDI) mass spectrum of G2.5COO(Pt(NH3),)16 metallodendrimer.
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Figure C14: TOF-MS (ESI +) mass spectrum of G3.5COO(Pt(NH3),)3» metallodendrimer.
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Figure C15: In vitro cytotoxicity studies of the cisplatin-metallodendrimers and anionic PAMAM dendrimers with
different generations (0.5-3.5) on A2780 cell line. The cells were treated for 72 h with a concentration range from 0.01
uM to 10 uM. The results are expressed as mean + SD three independent experiments performed in triplicate.
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Figure C16: In vitro cytotoxicity studies of the cisplatin-metallodendrimers and anionic PAMAM dendrimers with
different generations (0.5-3.5) on A2780CisR cell line. The cells were treated for 72 h with a concentration range from
0.01 uM to 10 pM. The results are expressed as mean + SD three independent experiments performed in triplicate.

100 - = Control
k1
= - u0.01 uM
.'? m0.03 uM
=
3 60 10.1uM
@ m (0.5 M
..§ 40 ulpuM
g m25uM
20
B5 pM
m 10 uM
0

Figure C17: In vitro cytotoxicity studies of the cisplatin-metallodendrimers and anionic PAMAM dendrimers with
different generations (0.5-3.5) on MCF-7 cell line. The cells were treated for 72 h with a concentration range from 0.01
uM to 10 uM. The results are expressed as mean = SD three independent experiments performed in triplicate.
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Figure C18: In vitro cytotoxicity studies of the cisplatin-metallodendrimers and anionic PAMAM dendrimers with
different generations (0.5-3.5) on CACO-2 cell line. The cells were treated for 72 h with a concentration range from 0.01
uM to 10 uM. The results are expressed as mean + SD three independent experiments performed in triplicate.
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Figure C19: In vitro cytotoxicity studies of the cisplatin-metallodendrimers and anionic PAMAM dendrimers with
different generations (0.5-3.5) on BJ cell line. The cells were treated for 72 h with a concentration range from 0.01 pM
to 10 uM. The results are expressed as mean = SD three independent experiments performed in triplicate.
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Figure C20: In vitro cytotoxicity studies of the complexes cisplatin-metallodendrimers/5-FU, G2.5(COONa);2/5-FU and
5-FU on A2780CisR cell line. The cells were treated for 72 h with a concentration range from 0.01 pg/mL to 20 ug/mL.
The results are expressed as mean + SD three independent experiments performed in triplicate.
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Figure C21: In vitro cytotoxicity studies of the complexes cisplatin metallodendrimers/5-FU, G2.5(COONa)s3,/5-FU and
5-FU on CACO-2 cell line. The cells were treated for 72 h with a concentration range from 0.01 pg/mL to 20 pg/mL. The
results are expressed as mean = SD three independent experiments performed in triplicate.
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- DNA binding studies
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Figure C22: UV-visible spectra of cisplatin a) 1° trial b) 2" trial with increasing concentration of CT-DNA (0, 6.25,
12.5, 18.75, 25, 31.25, 37.5, 43.75 and 50 uM) in 5 mM Tris-HC1l/50 mM NaCl at pH 7.4. The inset corresponds to the

plot of A¢/(A-Ao) versus 1/[DNA], which is used to determine the binding constant. The arrow indicates the direction of
increasing the concentration of DNA.
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Figure (C23: UV-visible spectra 2™ rial of a)G0.5(COOPt(NH;):Cl)s  b)G2.5(COOPt(NH;),Cl)s,
¢)G2.5COO(Pt(NH3)2)16 with increasing concentration of CT-DNA (0, 6.25, 12.5, 18.75, 25, 31.25, 37.5, 43.75 and 50
uM) in 5 mM Tris-HCI/50 mM NaCl at pH 7.4. The inset corresponds to the plot of Ao/(A-Ao) versus 1/[DNA], which is
used to determine the binding constant. The arrow indicates the direction of increasing the concentration of DNA.
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Complexes - characterization
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Figure C24: FTIR spectra of G2.5(COOPt(NH3),Cl)32/5FU and G2.5COO(Pt(NH3)»)16/SFU in KBr pellet.
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Figure C25: FTIR spectra of G2.5(COONa)s»/5-FU in KBr pellet.
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D. Chapter III: Improving the efficacy of DACHPt and 5-FU anticancer drugs using anionic

PAMAM dendrimers as drug delivery system

Characterization
——DACHPtClL:
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0
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Figure D1: FTIR spectra of DACHPtCI, in KBr pellet.
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Figure D2: 'H-NMR spectrum of bis-aquated DACHPt done in D>O.
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Figure D3: *C-NMR spectrum of bis-aquated DACHPt done in DO.
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Figure D4: *>Pt-NMR spectrum of G1.5COO(DACHPt)s performed in D,O, with K,PtCls as an external reference (-
1631 ppm).
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Figure DS: *Pt-NMR spectrum of G2.5COO(DACHPt),s performed in D-O, with K,PtCls as an external reference (-
1631 ppm).
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Figure D6: '*Pt-NMR spectrum of G3.5COO(DACHPt)3; performed in D-O, with K>PtCls as an external reference (-
1631 ppm).
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——G0.5COO(DACHPt): —— G1.5COO(DACHPt)s
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Figure D7: FTIR spectra of DACHPt-metallodendrimers in KBr pellet.
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Figure D8: TOF-MS (MALDI) mass spectrum of G0.5COO(DACHPt), metallodendrimer.
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Figure D9: TOF-MS (ESI +) mass spectrum of G1.5COO(DACHPt)s metallodendrimer.
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Figure D10: TOF-MS (ESI +) mass spectrum of G2.5COO(DACHPt),s metallodendrimer.
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Figure D11: TOF-MS (MALDI) mass spectrum of G3.5COO(DACHPt);; metallodendrimer.

265



Cytotoxicity assay
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Figure D12: In vitro cytotoxicity studies of the DACHPt-metallodendrimers and anionic PAMAM dendrimers with
different generations (0.5-3.5) on A2780 cancer cell line. The cells were treated for 72 h with a concentration range from
0.01 pM to 10 pM. The results are expressed as mean = SD three independent experiments performed in triplicate.
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Figure D13: In vitro cytotoxicity studies of the DACHPt-metallodendrimers and anionic PAMAM dendrimers with
different generations (0.5-3.5) on A2780CisR cancer cell line. The cells were treated for 72 h with a concentration range
from 0.01 pM to 10 uM. The results are expressed as mean + SD three independent experiments performed in triplicate.
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Figure D14: In vitro cytotoxicity studies of the DACHPt-metallodendrimers and anionic PAMAM dendrimers with
different generations (0.5-3.5) on MCF-7 cancer cell line. The cells were treated for 72 h with a concentration range from
0.01 uM to 10uM. The results are expressed as mean + SD three independent experiments performed in triplicate.
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Figure D15: In vitro cytotoxicity studies of the DACHPt-metallodendrimers and anionic PAMAM dendrimers with
different generations (0.5-3.5) on CACO-2 cancer cell line. The cells were treated for 72 h with a concentration range
from 0.01 pM to 10 uM. The results are expressed as mean + SD three independent experiments performed in triplicate.
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Figure D16: In vitro cytotoxicity studies of the DACHPt-metallodendrimers and anionic PAMAM dendrimers with
different generations (0.5-3.5) on BJ cell line. The cells were treated for 72 h with a concentration range from 0.01 pM
to 10 uM. The results are expressed as mean + SD three independent experiments performed in triplicate.

Table D1: Relative potency (RP) of the DACHPt-metallodendrimers calculated from the division of the ICso value of
DACHPtCI, by the ICso value of metallodendrimers.

Relative potency (RP) A2780 A2780CisR MCF-7 CACO-2
G0.5COODACHPY), 93 I 34 >55.6
G1.5COO(DACHPt)s 7 2.9 34 > 40
G2.5COO(DACHP).6 ? 1.6 18 28,6
3.5COODACHP 35 1.4 13 >25.6
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Figure D17: In vitro cytotoxicity studies of the complexes G2.5COO(DACHPt),6/5-FU and G2.5(COONa)s»/5-FU and
5-FU on A2780CisR cell line. The cells were treated for 72 h with a concentration range from 0.01 pg/mL to 20 ug/mL.
The results are expressed as mean = SD three independent experiments performed in triplicate.
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Figure D18: In vitro cytotoxicity studies of the complexes G2.5COO(DACHPt),6/5-FU and G2.5(COONa)s2/5-FU and
5-FU on CACO-2 cell line. The cells were treated for 72 h with a concentration range from 0.01 pg/mL to 20 pg/mL. The
results are expressed as mean = SD three independent experiments performed in triplicate.
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- DNA Binding studies
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Figure D19: UV-visible spectra of oxaliplatin of a) 1% trial b) 2" trial with increasing concentration of CT-DNA (0, 6.25,
12.5, 18.75, 25, 31.25, 37.5, 43.75 and 50 pM) in 5 mM Tris-HCl/50 mM NaCl at pH 7.4. The inset corresponds to the
plot of A¢/(A-Aop) versus 1/[DNA], which is used to determine the binding constant. The arrow indicates the direction of
increasing the concentration of DNA.
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Figure D20: UV-visible spectra of 2™ trial a) G2.5COO(DACHPt);s and b) DACHPtCI, with increasing concentration of
CT-DNA (0, 6.25, 12.5, 18.75, 25, 31.25, 37.5, 43.75 and 50 uM) in 5 mM Tris-HC1/50 mM NaCl at pH 7.4. The inset

corresponds to the plot of Ao/(A-Ao) versus 1/[DNA], which is used to determine the binding constant. The arrow indicates
the direction of increasing the concentration of DNA.

Complexes - characterization

——G2.5COO(DACHPt):6/5FU
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Figure D21: FTIR spectra of G2.5COO(DACHP1)16/5-FU in KBr pellet.
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Figure D22: FTIR spectra of G2.5(COONa)3./5-FU in KBr pellet.
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E. Chapter IV: Intrinsic Blue fluorescence of oxidized PAMAM dendrimers

Characterization of amine-terminated PAMAM dendrimers and APS-treated PAMAM dendrimers
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Figure E1: 'H-NMR spectra of a) G3.NH, PAMAM dendrimer and b) APS-treated G3 in D,0.
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Figure E2: 'H-NMR spectra of a) G4.NH, PAMAM dendrimer and b) APS-treated G4 in D>O.
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Figure E3: 'H-NMR spectra of a) G5.NH, PAMAM dendrimer and b) APS-treated G5 in D,O.
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Table E1: Chemical structure of the APS-treated/pristine PAMAM dendrimers and the corresponding chemical shifts (in
ppm) obtained by 'H-NMR (in D,0).

Chemical structure  G3.NH:> Ag‘_ t’NeI‘Z"" G4.NH: A’g;_ ’]’Vegzed G5.NH: APG‘S;. ’]’\fl‘zed
-NCH,CH>CONH- 2.40 2.85 243 2.59 251 2.57
-CONHCH2CH:N- 2.60 3.22 2.63 2.87 271 2.80
-CONHCH,CH:NH, 2.69 3.40 378 3.20 2.84 321
-NCH:CH,CONH- 2.80 3.30 2.83 3.04 2.90 2.97
-CONHCH:CH,NH, 321 3.69 3.25 3.56 3.36% 3.58
-CONHCH:CHN- 3.27 3.57 3.28 3.40 3.36* 3.39

*Signals are overlapping.
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Figure E4: FTIR spectra of generations 3, 4, and 5 of the pristine/APS-treated PAMAM dendrimers (recorded in KBr
pellets) — full scale.
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Figure E5: FTIR spectra of generations 3, 4, and 5 of the pristine/APS-treated PAMAM dendrimers (recorded in KBr

pellets) — enlarged scale.
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Figure E6: FT-IR spectra of generations 3, 4, and 5 of the pristine/APS-treated PAMAM dendrimers (recorded in KBr
pellets) — enlarged scale (comparison among spectra).
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Figure E7: APS-treated PAMAM dendrimers under UV irradiation at 366 nm with a concentration ofa) 1 x 10°M, b) 1
x 10° M, and c) 4.3 mg/600 uL (APS-treated G3: 1 x 103 M, APS-treated G4: 5 x 10“M and APS-treated G5: 2.5 x 10*
M) in ultrapure water.
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Figure E8: Enlarged excitation spectrum of generation 3 APS-treated dendrimers (Aem=450 nm) showing a band ca. 250

nm. The sharp band at 225 nm is due to second-order scattering. The spectrum was recorded at a 1 x 10> M concentration
in ultrapure water.
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Figure E9: Cytotoxicity of pristine and APS-treated PAMAM dendrimers after 48 h of incubation using NIH 3T3 cell
lines. The results are expressed as the mean + SD of three in independent experiments with three replicas each.

279



u Control

120 -

100

80

60

40

Metabolic activity %

20

0
(‘,0““0\ & :@V\" GAJ&\\" R }\Y\"' 663 ) Gl A o

P\?S’“@‘e PXS’“eat P\?S‘“e‘&e

Figure E10: Cytotoxicity of pristine and APS-treated PAMAM dendrimers after 48 h of incubation using CAL-72 cell
lines. The results are expressed as the mean + SD of three independent experiments with three replicas each.
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