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Resumo 

 

 

O vírus da imunodeficiência humana / síndrome da imunodeficiência adquirida (VIH/SIDA) é 

responsável por infectar cerca de 75 milhões de pessoas e de causar 32 milhões de mortes desde o 

início da epidemia. O cancro, por sua vez, é uma das principais causas de morte em todo o mundo, com 

uma estimativa de mortalidade de 9,6 milhões em 2018. Em ambos os casos, há uma necessidade 

urgente de novos medicamentos e terapias, uma vez que o desenvolvimento de vacinas eficazes está 

longe de ser alcançado e a resistência aos medicamentos é um desafio. Estudos recentes mostraram 

que os dendrímeros e metalodendrímeros são potenciais fármacos antivirais e anticancerígenos. Os 

dendrímeros são nanomateriais versáteis com características excecionais, o que os torna atrativos para 

aplicações biomédicas. A combinação de metalofármacos com dendrímeros demonstrou melhorar a sua 

capacidade anticancerígena. No entanto, este campo permanece muito pouco explorado. 

Neste trabalho de doutoramento descreve-se a preparação de uma nova família de dendrímeros 

e metalodendrímeros de poli(alquilidenamina) coordenados com complexos de ruténio e cisplatina e, a 

sua avaliação como possíveis antivirais e anticancerígenos, na infeção pelo VIH-1 e, em diferentes linhas 

celulares cancerígenas. Foram preparados dendrímeros com quatro grupos terminais diferentes: nitrilo, 

amina, carboxilato e sulfonato. O primeiro capítulo deste trabalho é dedicado ao estado da arte dos 

dendrímeros e metalodendrimeros, especialmente na sua aplicação no combate ao VIH/SIDA e no 

cancro. No segundo capítulo, foram sintetizados os dendrímeros aniónicos com gerações de 1 a 3, e a 

sua aptidão antiviral foi comprovada em duas variantes de HIV-1, R5-HIV-1NLAD8 e X4-HIV-1NL4.3. 

Estudou-se o seu mecanismo de ação e toxicidade in vivo. No terceiro capítulo, é apresentada a 

preparação de dendrímeros com terminação nitrilo (G0 a G2) e metalodendrímeros de ruténio (G0 e G1), 

e avaliado o seu potencial como agentes antivirais. No quarto capítulo, apresenta-se a preparação da 

segunda geração de metalodendrímeros de ruténio e estuda-se, em várias linhas celulares 

cancerígenas, o potencial anticancerígeno dos metalodendrímeros preparados. Foi igualmente avaliada 

a apoptose, a produção de espécies reativas de oxigénio, o potencial da membrana mitocondrial e a 

análise do ciclo celular dos compostos preparados. No quinto capítulo, os dendrímeros de G1 e G2 

carboxilato e sulfonato foram coordenados com a cisplatina na forma “bis-aquada”. Após a 

caracterização, a citotoxicidade foi testada em duas linhas de células cancerígenas. Por último, no sexto 

capítulo, são destacadas as conclusões e as futuras perspetivas do trabalho desenvolvido. 

 

 

 

Palavras-chave: dendrímeros de poli(alquilidenamina); metalodendrímeros; ruténio; cisplatina; antiviral; 

anticancerígeno   
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Abstract 

 

 

The human immunodeficiency virus / acquired immunodeficiency syndrome (HIV/AIDS) is 

responsible for infecting an estimated 75 million people and 32 million deaths since the beginning of the 

epidemic. On the other hand, cancer is one of the leading causes of death worldwide, with an estimated 

9.6 million deaths in 2018. In both cases, there is an urgent need for new drugs and therapies since the 

development of effective vaccines is far from being accomplished, and drug resistance is a significant 

challenge. 

Recent studies have shown that dendrimers and/or metallodendrimers present potential as 

antiviral and anticancer drugs. Dendrimers are versatile nanomaterials with exceptional characteristics, 

which makes them attractive for biomedicine applications. The combination of metallodrugs with 

dendrimers has been demonstrated improved anticancer activity. However, this field remains scarcely 

investigated.  

In this PhD project, we describe the development of a new family of poly(alkylidenamine) 

dendrimers and ruthenium and cisplatin metallodendrimers, and their antiviral and anticancer potential 

were evaluated against HIV-1 infection and different cancer cell lines. Four different terminal groups were 

prepared, nitrile, amine, carboxylate, and sulfonate. The first chapter is dedicated to the state of the art 

of dendrimers and metallodendrimers, mainly in their application in the fight against HIV/AIDS and cancer. 

In the second chapter, the anionic poly(alkylidenamine) dendrimers generations 1 to 3 of each dendrimer 

were synthesized, and their antiviral ability was evaluated against two HIV-1 strains, R5-HIV-1NLAD8, and 

X4-HIV-1NL4.3. The mechanism of action and the toxicity in vivo were also assessed. In the third chapter, 

we present the preparation of nitrile-terminated dendrimers (generation 0 to generation 2) and ruthenium 

metallodendrimers (G0 and G1), and their potential as antiviral agents was evaluated. In the fourth 

chapter, the generation 2 of the ruthenium metallodendrimers was prepared and characterized. The 

metallodendrimers were tested against several cancer cell lines to evaluate their anticancer potential. 

Their apoptosis, reactive oxygen species (ROS) accumulation, mitochondrial membrane potential, and 

cell cycle analysis were also verified. Furthermore, in the fifth chapter, generation 1 and 2 of the 

carboxylate and sulfonate dendrimers were coordinated with bis-aquated cisplatin. After characterization, 

their anticancer activity was tested against two cancer cell lines. Lastly, the sixth chapter the conclusions 

and future perspectives of the accomplished work are highlighted. 

 

 

 

Keywords: poly(alkylidenamine) dendrimers; metallodendrimers; ruthenium; cisplatin; antiviral; 

anticancer  
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Chapter 1. Introduction 

 

 

1. Dendrimers 

Nanotechnology has developed as a great science in discovering new materials with particular 

and special characteristics that can be applied in various fields. Nanotechnology can be explained as the 

field that handles atoms, molecules, or compounds into structures to create materials and devices with 

unique properties.1,2 To create small structure molecules, by reducing the size of large to smaller 

structures is named top-down, and bottom-up is described by taking individual atoms and molecules and 

changing them into nanostructures.1 Nanotechnology works at nanometer dimensions dealing with 

materials in the nanometer scale range (1 – 100 nm) and can be applied in a wide variety of applications 

in the design of different types of nanomaterials and nanodevices.1,2 This nanoscale size range is ideal 

when considering biological systems, such as entering cells, circulation in the bloodstream, and crossing 

tissues.2 Nanobiotechnology has emerged from nanotechnology and its relationship with biomedicine. 

The use of nanomaterials has become known for their application in nanobiotechnology in particular as 

therapeutics (on drug delivery systems) and diagnosis.3,4 Therefore, nanotechnology has developed 

several materials in the nanoscale range namely nanoparticles, including liposomes, carbon nanotubes, 

metallic particles, polymers, and in particular dendrimers.3,5 

In 1833, Jöns Jacob Berzelius, a Swedish chemist, introduced the term “polymer” when he firstly 

described “isomerism” as substances that possess similar composition; but the difference in properties 

and the total number of atoms was assigned to “polymerism”.6,7 A few years later, in 1920, Hermann 

Staudinger described the modern concept of polymers as macromolecular structures covalently bonded.8 

Staudinger received in 1953 the Nobel Prize in Chemistry for his discoveries in macromolecular 

chemistry.9 Paul J. Flory also contributed to polymer chemistry for over 50 years. In the early 1940s, Paul 

J. Flory published several papers related to his work in crosslinked polymers networks,10–13 and later in 

1974 he received a Nobel Prize in Chemistry due to his theoretical and experimental contribution to the 

physical chemistry of macromolecules.14 Indeed, all this development in polymer chemistry contributed 

to the breakthrough of different types of polymers, linear and/or branched. Among the classified branched 

polymers, we will highlight a specific class of polymers, dendrimers, that are mainly related to the scope 

of this project. As such, the synthesis, structure, properties, and some types of dendrimers families will 

be discussed in the following sections. 

Dendrimers are a class of synthetic monodispersed polymers, highly branched, three 

dimensional, and nanoscale macromolecules, where their size and shape can be controlled.15 Their 

compact structure and molecular weight can be predictable.16 They were initially prepared by Fritz 

Vögtle17 in 1978 and in the 1980s by two different groups, namely Donald Tomalia18,19 and by George R. 

Newkome.20,21 The word dendrimer comes from the two Greek words “dendron”, which means tree, and 

“meros”, which means part.22,23 The capacity to conjugate or complex guest molecules with a dendrimer 

makes it an exceptional candidate for nanomedicine diagnostic and therapeutic applications.16,24 
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Dendrimers have several different applications due to their multivalency and structure, making them 

excellent scaffolds with high potential for biomedical applications,25,26 electronics,27 and environmental 

applications such as in pest control28 and water treatment.29,30 

 

 

1.1. Synthesis 

Dendrimers are prepared in a controlled manner and a step-by-step technique. There are two 

conventional methods to prepare dendrimers. The divergent method (starting from an initial core and 

extended layers or generations are added) was proposed by Fritz Vögtle31 and later by Donald Tomalia,18 

while the convergent method (reactions go from the exterior to the interior, from the branching units until 

the core is reached) was suggested by Jean Fréchet.32 Dendrimers are synthesized through a sequence 

of reactions named Michael addition reactions, and the choice of the synthesis method depends on the 

final application.33,34 Also, dendrimers can be prepared using different cores, and thus the synthesis 

strategy can be different.35 Yet, there are other synthetic strategies for the preparation of dendrimers 

including lego chemistry36 and click chemistry.37 

 

 

1.1.1. Divergent method 

The divergent technique is an ascending method. It is characterized by building the dendrimer 

from the core and constructing the molecule by adding layers (Figure 1a). The addition of each new layer 

of branching units to the molecule will increase by one number, the dendrimer generation.38,39 There are 

a few drawbacks of using this method to synthesize dendrimers. For each increasing number of reaction 

sites, there is an increase in the reaction points. Consequently, an increase in the molecular weight, which 

will lead to a prolonged reaction kinetics, and the purification of the final product will also be more 

complicated, particularly in the case of higher molecular weight dendrimers.33,38 In the divergent synthesis 

method, an excessive amount of monomer is required, which leads to extended purification steps, mainly 

in higher generations.40 In fact, higher generations of dendrimers produced by this method present more 

imperfection sites, which takes to a low yield of the desired dendrimer.41 Poly(amidoamine) (PAMAM), 

poly(propylene imine) (PPI), and phosphorus-based dendrimers are some examples of dendrimers that 

can be created by the divergent technique.33,38 

 

 

1.1.2. Convergent method 

In the convergent synthesis method, by opposition to the divergent technique, the construction of 

the dendrimers begins from the periphery and continues in direction of the core (Figure 1b). As such, this 

method is a descending technique. Synthesis by this method starts by connecting the surface groups to 

a branching unit, and branching units are added until the desired size (generations) is accomplished. In 

the end, the core is connected to the dendritic segments to form the dendrimer.34,38 This synthetic method 
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can produce dendrimers with a core with different functionalities, providing diverse structural 

characteristics to the dendrimer.33 Indeed, the convergent method presents a monodispersed and 

symmetric compound with fewer impurities.33,34 Furthermore, the molecular weight and the reactive 

positions and numbers can be rigorously controlled in each synthesis step.40 Anyway, this technique 

presents a limitation related to the size of the dendrimers, and the steric hindrance between dendrons 

when connected to the core.33 Usually, dendrimers synthesized by this method have fewer defects in 

their structure.41 

 

 

Figure 1. Schematic representation of the synthesis of dendrimers: (a) Divergent method and (b) Convergent method. 

 

 

1.2. Structures  

The dendrimer structure can be divided into a central core, interior layers (generations), and 

terminal groups (functionalization).15,42 Each component has its own purpose: the core determines the 

shape, size, multiplicity, and direction in which the functional groups are connected; the generations 

correspond to the connected branched units, which control the type and the size of the internal spaces; 

and the terminal groups give function and reactive sites to the dendrimer.33 The extent and nature of the 

guest-host properties of the dendrimer can be controlled and reached by the internal spaces of the 

dendrimer family.33 The interior layers are made of repeating branch units, where each repeating branch 

is referred to as a generation (represented as G0, G1, G2, G3, …) (Figure 2). The size of these molecules 

can be fabricated in a controllable manner, defining them with a globular shape, monodispersity, and with 

a great number of groups at the edge.38,43  

Low generation dendrimers present more flexibility than higher generations.15 Additionally, low 

generation dendrimers have more open structures and present an asymmetric shape, whereas higher 
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generation dendrimers have a globular structure and are more densely packed.44,45 Increased flexibility 

in dendrimers has also been shown to be involved in the release properties of drugs encapsulated within 

dendrimers.46  

 

 

 

 
Figure 2. Schematic representation of the dendrimer structure with the main components.  

 

 

1.3. Properties 

Dendrimers have several physicochemical properties, which makes them ideal candidates for 

biomedical and pharmaceutical applications.47 The physicochemical properties are important when 

designing a dendrimer, and depending on the ultimate purpose, these properties can be tuned to obtain 

the desired molecule. In the next segment, some important dendrimer properties will be discussed like 

monodispersity, size, solubility, functionalization, and multivalency.  

 

 

1.3.1. Monodispersity  

Monodispersity is an important feature of materials that are used in biological applications. It is a 

desirable characteristic for synthetic reproducibility, decreasing experimental and therapeutic 

unpredictability.48 Monodispersity in dendrimers is one of the main aspects that make this particular class 

of polymers so attractive for biomedical research.49 As a result of their controllable synthesis, dendrimers 

present a unique architecture with a defined size, globular structure, and are monodisperse in size, as 

opposed to conventional polymer syntheses that produce polydisperse products due to chain 

growth.48,50,51 A monodisperse compound is basically achieved when a low generation of dendrimer is 

prepared, but when the generation increases some defects in the structure can occur which can affect 

the dispersity, deviating from absolute monodispersity.48  
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1.3.2. Size 

The size of a dendrimer is important, and it depends on the final aim. Depending on the 

dendrimer's family, generation, and surface modification, their size is usually between 2 to 10 nm.5 

Although a smaller size can enhance the efficacy of dendrimers and lead to deeper penetration in tumors, 

a drawback lies in their rapid clearance through the kidney and space availability to encapsulate or 

complex drugs.52 The size of the nanoparticle determines the half-life and distribution: the kidney filters 

particles smaller than 10 nm, and particles larger than 200 nm are phagocytosed and eliminated by the 

spleen.4 In fact, the particle size and shape dictates the clearance rate and circulation time in the 

bloodstream.53 For instance, if the size of the dendrimer transporting a drug is higher than 5 nm, it will be 

less capable of being cleared out of the bloodstream via the kidneys.49 The dendrimer size also has an 

impact on the drug cell uptake and on the interactions with specific tissues, as well as in the drug stability, 

drug loading, and release.54 Moreover, the nanoscale size gives them suitable characteristics to interact 

with cell components, such as cytotoxicity, lipid bilayer interactions, internalization, biodistribution, and 

retention time, making them perfect for different routes of administration.15,53,55 According to the type and 

number of terminal groups low generation dendrimers (up to generation 3) are more biocompatible and 

less immunogenic when compared to higher generations.56  

 

 

1.3.3. Solubility 

The solubility of dendrimers is one of the most important properties to take into consideration. To 

begin with, solubility issues can complicate drug delivery. Low solubility is a crucial obstacle for in vitro/in 

vivo experiments with the decrease in bioavailability, partial release, and poor correlation absorption.56 

What confers dendrimers their solubility are the surface groups. But the generation, the nature of the 

branching units, and the core also play an important role in this aspect.57 A dendrimer with hydrophilic 

terminal groups and a hydrophobic core usually is soluble in water. In contrast, a dendrimer with 

hydrophobic end groups and a hydrophilic core is usually soluble in organic solvents.48 One parameter 

that also contributes to the solubility of a dendrimer is the generation number; the higher the generation, 

the hydrophobicity increases.56,58 However, other factors such as pH, generation, type of surface groups, 

dendritic core properties, concentration, nature of the solvent, presence of salts, and temperature also 

affect the dendrimers solubility.58 Ideally, the design of a dendrimer should take into account its solubility 

in an aqueous solution and should avoid the use of organic solvents that could contribute to the increase 

of the dendrimer cytotoxicity. 

 

 

1.3.4. Functionalization 

Dendrimers present unique properties due to their architecture and the terminal groups. The 

incorporation of multiple active sites in dendrimers, such as drugs, antibodies, nucleic acids, fluorophores, 

targeting ligands, polysaccharides, to produce macromolecules with a multifunctional structural design is 
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a process known as functionalization (Figure 3).33 The terminal groups, such as amine or carboxyl, can 

be easily modified to other groups, for example, hydroxyl, acetyl, and methoxy.5 Effectively, dendrimer 

peripheral groups can be modified, giving them different specific physicochemical and biological 

properties, increasing in that manner, their reactivity for different applications in nanomedicine.15,55 The 

terminal groups on dendrimers can be anionic, cationic, or neutral. The number and nature of terminal 

groups affect the cytotoxicity of dendrimers.16 Anionic and neutral dendrimers present minor or no toxicity 

behavior, and cationic dendrimers usually show higher toxicity.16,59 This higher toxicity of cationic 

dendrimers can be due to the damage and formation of nanopores in the cell membrane, because of the 

interaction of the positively charged dendrimers with the negatively charged cell membrane.16 These give 

different properties to the dendrimers. For instance, anionic dendrimers have been used against human 

immunodeficiency virus (HIV)60–62 while cationic dendrimers have been used as carriers for drugs or 

nucleic acids.63–66 The amine terminal groups on the dendrimer surface can limit the use of these 

dendrimers in cancer therapy due to the fast clearance from the blood circulation and increased toxicity.67 

However, the number of amine terminal groups can improve the functionalization process and thus 

overcome the toxicity of the cationic dendrimers.68 Therefore, the functionalization of dendrimers with 

biocompatible terminal groups such as peptides, carbohydrates, amino acids, or surface modification by 

PEGylation or acetylation, can improve the blood circulation time to prolong its effectiveness in interacting 

with the cell components.67,69 This may be important because of the nanometric size of dendrimers to 

bind and interact with cells and cellular components.67,70 To conclude, the surface functionalization of 

dendrimers can cause modification and enhance important properties, such as toxicity, solubility, 

biodistribution and pharmacokinetics, drug release efficiency, stability profile, among others.71 

 

 

Figure 3. Illustration of dendrimer surface functionalization: dendrimer surface functionalization allows the connection of a 
variety of target molecules, including fluorophores, drugs, nucleic acids, and targeting ligands (adapted from reference 72). 

 

 

1.3.5. Multivalency 

The multivalent concept specifies that several functionalities of one entity interact with the 

complementary functionalities of another, in more detail the number of reactive sites on the surface that 
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can link with the target of interest.57,73 When designing a multivalent platform, it is essential to know your 

target. As such, it is imperative to consider the ligand valency, linker length, density, steric hindrance and 

spatial arrangement, solubility, and capacity to match the binding sites of biomolecules.74 On the cell 

surface, some receptors can interact with multivalent ligands, binding with a first and second location on 

the same receptor.75 This is possible due to the “chelate” effect, which means that the first binding favors 

the next and additional bindings.75  

For instance, dendrimers display multivalency, which is convenient to functionalize ligands to the 

surface of the molecule.48 For biological processes, such as viral infection or cell to cell communication, 

dendrimers are considered a useful platform, as multivalency plays a central role, since it can enhance 

through multiple interactions the binding strength to biomolecules.43,73,74 Dendrimers can present several 

recognition elements, and this is because of their architecture, such as shape, size, flexibility, and 

valency.75 The multivalency of dendrimers given by the terminal groups can be used to link drugs, 

targeting molecules, or solubilizing groups.76 However, to design a good delivery system, it is important 

to keep in mind what the ultimate purpose is. The importance of multivalency in drug delivery and how to 

prepare a successful multivalent system was recently explored in a fascinating review paper from K. C. 

Tjandra et al.77   

 

 

1.4. Dendrimer families 

Dendrimers such as PAMAM, PPI, and carbosilane, have been extensively used for several 

applications, including for drug/gene delivery. They can be classified into two main groups: organic 

dendrimers having in their composition amines at all the branching points (e.g., PAMAM and PPI 

dendrimers) or inorganic dendrimers that have inorganic atom-like phosphorus or silicon.78 In the 

following section, the most common types of dendrimers are presented, namely the PAMAM and the PPI 

dendrimers, silicon-based dendrimers, glycodendrimers, phosphorus-based dendrimers, polyester 

dendrimers, polyurea dendrimers and metallodendrimers (Figure 4). 
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Figure 4. Structures of the different families of dendrimers: (a) PAMAM;79 (b) PPI (this work); (c) silicon-based 
dendrimer;80,81 (d) glycodendrimer;82 (e) phosphorus-based dendrimer;78 (f) polyester dendrimer;83 (g) polyurea 
dendrimer;84 (h) metallodendrimer.85  

 

 

1.4.1. PAMAM dendrimers 

PAMAM dendrimers are globally the most well-known dendrimer family due to their high use, for 

instance, as drug delivery systems. They are commercially available from different suppliers and, also for 

that reason are one of the most extensively used types of dendrimers.58 PAMAM was developed by 

Donald Tomalia and co-workers, prepared by divergent methods that are composed of polyamide 

branches and tertiary amines as branching units and ethylenediamine (EDA) core.18 PAMAM dendrimers 

are classified by full generation, with amino or hydroxyl terminal groups, or half-generation with carboxylic 

acid terminal groups.86 PAMAM dendrimers present several attractive characteristics such as their unique 

architecture, the ability to deliver therapeutic agents, high aqueous solubility, and a large number of 

surface groups.87 Cytotoxicity of PAMAM dendrimers is dependent on the generation, concentration, and 
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charge.79 PAMAM dendrimers are widely used for biological applications, due to their properties such as 

solubility in water and biocompatibility. For instance, our group prepared PAMAM dendrimer/pDNA 

complexes immobilized in electrospun fibers for gene delivery.88 Biodegradable and biocompatible fibers 

were prepared using poly(lactic-co-glycolic acid) (PLGA), chitosan, and alginate through the layer-by-

layer technique, and were used to immobilize the dendrimer/pDNA complexes. Results showed that the 

prepared fibers allowed the attachment and growth of hMSCs and the delivery of pDNA to promote 

cell differentiation. Gunes Esendagli and coworkers have prepared PAMAM dendrimers functionalized 

with anti-Flt1 antibody and loaded with gemcitabine to eradicate tumor-induced myeloid cells.89 The 

results proved that these dendrimers could reduce the tumor mass and eliminate tumor-induced myeloid 

cells in several compartments, demonstrating to be a promising approach to decrease pancreatic cancer 

growth. Hamid R. Moghimi and coworkers synthesized a G3 and G5 PAMAM dendrimer with vancomycin 

to act as an antibacterial against Gram-negative bacteria.90 These dendrimer complexes presented an 

antibacterial effect against Gram-negative bacteria relative to a vancomycin solution that showed to be 

non-effective against these bacteria.  

 

 

1.4.2. PPI dendrimers 

Fritz Vögtle et al. in 1978 were the first to describe the preparation of dendrimers.17 In 1993, E. 

M. M. Brabander-van den Berg and E. W. Meijer described the preparation of PPI dendrimers with an 

adjustment to the Vögtle method.91 PPI dendrimers are as well, extensively used for drug delivery. These 

dendrimers normally incorporate an interior of tertiary tris-propyleneamines and contain poly(alkylamines) 

with primary amines.38,86 The most common cores used to prepare PPI dendrimers have been EDA or 

diaminobutane (DAB).92 They can be prepared by repetitive reactions of Michael addition of amines with 

acrylonitrile followed by the reduction of the nitrile groups into primary amines.93 Compared to the PAMAM 

dendrimers, PPI dendrimers present smaller sizes with three bonds (PAMAM have seven bonds), the 

same globular shape, and are more hydrophobic.92 As such, PPI dendrimers present advantageous 

characteristics for biological applications. Barbara Klajnert-Maculewicz and coworkers previously 

developed PPI dendrimers modified with sugar molecules (maltose) and with a nucleoside analog drug 

as a treatment for leukemia to overcome drug resistance.94 The results showed that these dendrimers 

are good candidates as an anticancer drug against resistant acute lymphoblastic leukemia cells, which 

presented increased cytotoxicity and uptake in these cells. Ivo Grabchev and collaborators prepared a 

new modified PPI dendrimer with acridine and copper complexes as potential antimicrobial agents.95 

These modified dendrimers were tested against pathogenic microorganisms and proved to inhibit 

bacterial growth and prevent biofilm formation. 
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1.4.3. Silicon-based dendrimers 

Silicon-based star-branched polymers, more specifically, carbosilane dendrimers, were first 

introduced by L. J. Fetters and his collaborators in 1978.96 Later, Satoru Masamune in 1990 and Masa-

aki Kakimoto in 1991 presented the silicon-based dendrimers.97,98 Silicon-based dendrimers have silicon 

(Si) atoms between generations as branching points.99 These silicon-based dendrimers can be 

subclassified in carbosilane, siloxane, silane, silazane, and silatrane dendrimers (Figure 5).99 They are 

characterized by their high flexibility, synthesized by the divergent method, and the presence of Si as 

branching points gives their multiplicity some variety.99 Carbosilane dendrimers have gathered much 

attention due to the synthesis procedure that can modify their structures, and they are kinetically and 

thermodynamically stable molecules.99 As mentioned above, the Si atoms give these dendrimers special 

characteristics, including their anionic and cationic functionalization, which are ideal for biological 

applications. Jan Maly and coworkers prepared several carbosilane dendrimers modified with 

phosphonium groups as nonviral transfection vectors for siRNA delivery.100 The results showed that these 

dendrimers presented less toxicity in vivo compared with the ammonium-based carbosilane dendrimers 

with equivalent transfection efficiency. Francisco J. de la Mata and collaborators developed cationic 

carbosilane dendrimers with neuropeptides (VIP or GHRH) to form dendriplexes to act against prostate 

cancer.101 The results showed that the dendriplexes increased cell adhesion to the matrix and decreased 

the metastatic ability in the PC-3 cell line.  

 

Figure 5. Structure of the different type of silicon-based dendrimers: (a) carbosilane;99 (b) siloxane;97 (c) silane;102 (d) 
silazane;103 (e) silatrane.104 
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1.4.4. Glycodendrimers 

Glycodendrimers are dendrimers that have carbohydrate molecules in their structure, either at 

the surface or inserted into the dendritic structure. René Roy first introduced them in 1993, and since 

then, they have been developed and optimized as potential therapeutics by different research groups.105 

According to the sites where the carbohydrate molecules are located in the dendritic structures, 

glycodendrimers can be categorized into three families: carbohydrate-coated dendrimers, carbohydrate-

centered dendrimers, and carbohydrate-branched dendrimers.106,107 The most common dendrimers used 

as scaffolds to bear carbohydrate molecules are the PAMAM, PPI, polyesters, polylysine, and carbosilane 

dendrimers.82 There are various advantages in coating dendrimers with carbohydrates, neutralizing the 

positive charges of the cationic surface groups, such as reducing cytotoxicity, hemolytic toxicity, 

immunogenicity, and antigenicity.107 Moreover, this type of dendrimer has proven to have crucial functions 

in signal transduction and receptor crosslinking.108,109  

Glycodendrimers can be used in cancer therapy to stimulate the immune response against cancer 

cells, in vaccines, and screening antigens.87,109 Other applications for glycodendrimers include immune-

modulating, cancer prevention, targeting or therapy, biomimicry, and photoaffinity labeling.106 Therefore, 

glycodendrimers present excellent properties to be used for biomedical applications. Takashi Yoshida et 

al. previously synthesized a G3 glycodendrimer with HIV activity and low cytotoxicity.110 Yvette van Kooyk 

and coworkers prepared an antitumor vaccine based on glycodendrimers for targeting skin dendritic cell 

subsets improving the antitumor CD8+ T cell responses.111 

 

 

1.4.5. Phosphorus-based dendrimers 

Phosphorus-based dendrimers were firstly prepared by the groups of Kasthuri Rengan and 

Robert Engel and by Jean-Pierre Majoral and Anne-Marie Caminade in the early 90s.112,113 These 

dendrimers have a phosphorus atom at the branching point, which allows them to strictly control their 

structure and purity by 31P-NMR.114 Phosphorus dendrimers can interact with the lipid membrane and be 

integrated into the cells due to the hydrophilic surface and hydrophobic internal skeleton.114 From all the 

advantages of phosphorus dendrimers, the high solubility and reactivity make them ideal for biomedical 

applications.115 In the last years, innumerous phosphorus dendrimers have been prepared for 

nanomedicine, and evaluated in vitro and in vivo, and used as anti-prion agents, as drug carriers for anti-

inflammatory and anticancer applications, and as fluorescent bioimaging markers.78,115,116 As shown next, 

the functionalization of these dendrimers with positively or negatively charged groups confers ideal 

properties for use in biomedical applications.93 Dzmitry Shcharbin and coworkers prepared phosphorus 

dendrimers with piperidine terminal groups for cancer cell inhibition using siRNA cocktails and 5-

Fluorouracil.117 They discovered that these dendrimers could deliver 80-100% of siRNA to HeLa cells, 

and the cytotoxicity of 5-Fluorouracil increased when the dendrimers and siRNA cocktail complexes were 

added. Xiangyang Shi and coworkers prepared a phosphorus dendrimer functionalized with a morpholino 

molecule for stem cell osteogenic differentiation.118 The results showed that this modified phosphorus 



16 
 

dendrimer revealed osteogenic differentiation and stimulated the transformation of the stem cells into 

osteoblasts. 

 

 

1.4.6. Polyester dendrimers 

Polyester dendrimers are known for their biodegradability and biocompatibility. They were first 

prepared by Craig J. Hawker and Jean M. J. Fréchet in 1992.119 The 2,2-bis(hydroxymethyl)propionic 

acid (bis-HMPA) was initially synthesized in 1996 by Anders Hult and Erik Söderlind.120 Bis-HMPA 

dendrimers belong to a family of degradable polyester dendrimers, and among several qualities, they are 

non-toxic, biodegradable, and non-immunogenic.121 To achieve biodegradable labile bonds that are easy 

to cleave and that are capable of being broken with a specific biological stimulus, chemical groups such 

as esters, anhydrides, phosphoesters, ethers, amides, and carbamates can be incorporated.122 Currently, 

they are commercially available from Polymer Factory. The presence of ester groups in the dendritic 

structure allows for cleavage by chemical hydrolysis or by enzymes present in physiological media.87 As 

such, these dendrimers are ideal molecules to be used as carriers for biomedical applications. Michael 

Malkoch and coworkers prepared several generations (G1-G4) of the bis-MPA polyester dendrimer as 

nonviral vectors for siRNA delivery.123 The results showed that the low generation dendrimers presented 

no toxicity, and the G3 and G4 toxicity were concentration-dependent, and G2-G4 dendrimers were able 

to complex and protect siRNA from degradation. Silvana Alfei and Sara Castellaro prepared polyester 

dendrimers G4 and G5 decorated with amino acid residues (arginine, lysine, and O-methyltyrosine, and 

or arginine-glycine dipeptide) with good characteristics to be used as nontoxic carriers for gene and drug 

delivery.124 Ana Paula Pêgo and coworkers prepared a biodegradable PEG-dendritic structure as delivery 

vectors for siRNA.125 These compounds were successfully obtained and the degradation points of the 

dendrimer near the complexed siRNA revealed to be important for nucleic acid release, improving the 

transfection efficiency. 

 

 

1.4.7. Polyurea dendrimers 

Polyurea (PURE) dendrimers present interesting characteristics that classify them as green 

dendrimers since their synthesis are done in supercritical carbon dioxide with a clean approach.84 With 

two functional groups, these dendrimers have a solubility in water, are biocompatible, biodegradable, and 

have blue photoluminescence.84,126 Due to the exceptional characteristics these PURE dendrimers have 

been explored to be used in the biomedical field. Vasco D. N. Bonifácio and coworkers demonstrated the 

use of PURE dendrimers for the delivery of siRNA.127 The same group also used PURE dendrimers with 

selenium-chrysin (SeChry) to target glutathione (GSH) and cystathionine β-synthase (CBS) in ovarian 

cancer.128 This seChry@PUREG4-FA compound revealed promising results against ovarian cancer and 

two mechanisms of action of SeChry were unraveled: the enhanced oxidative stress triggering GSH 

depletion and the inhibition of the H2S-generation enzyme CBS. 
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1.4.8. Metallodendrimers 

The incorporation of metal centers in the architecture of the dendrimer’s structure gives a new 

family of dendrimers called metallodendrimers. The teams of Vincenzo Balzani129,130 and George R. 

Newkome131,132 in the early 1990s developed the first supramolecular metallodendrimers. This pioneering 

work expanded within dendrimer chemistry as one of the most interesting fields to be explored.133 Also, 

in 1999, Didier Astruc and coworkers prepared a polycationic iron-based metallodendrimer for the 

recognition of chloride and bromide anions.134  

Metallodendrimers like dendrimers can be prepared by divergent or convergent methods,135 and 

by “click” chemistry, as firstly reported by the Astruc group in 2007.136 Different types of 

metallodendrimers can be obtained depending on how the metal ion is integrated into the dendrimer 

structure or coordinate/complexed in chelating sites (Figure 6).137 Indeed, there are three main different 

classes of metallodendrimers: where dendrimers have the metal as a core, the metal as branching units, 

and the metal as building block connectors.138 Among the many advantages of metallodendrimers, there 

are two main features such as the controlled structure for reproducible biocompatibility and 

pharmacokinetics, and the multivalency will increase their reaction sites and rates permitting several 

copies of metal-based drugs linked to the dendrimer, which present distinct behaviors from the inorganic 

molecule itself.139–141 Dendrimers provide exceptional benefits for tuning metal centers because they offer 

a well-controlled positioning of the metallic moiety into the dendrimer architecture.141,142 The conjugation 

of dendrimers with metallodrugs can improve the metallodrug solubility and increase the metallodrug 

sensitivity against the resistance of tumor cell lines.143 Metallodendrimers that transport metallodrugs 

appear to be novel candidates as chemotherapeutic agents since they seem to work through a distinct 

mechanism of action from the native metallodrug.144 Due to their properties and significant structural 

diversity145  metallodendrimers present several applications such as catalysts,146,147 biosensors,148 

molecular switches,149,150 and therapeutic agents.151–153 

 
Figure 6. The different types of metallodendrimers: (a) metal as a core; (b) metal as branching points; (c) metal as 
connectors; (d) metal as terminal groups; (d) metal complexation (adapted from reference 137). 
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2. Dendrimers and their biomedical applications 

Nanotechnology has been helping to solve most of the issues of nanomedicine associated with 

insoluble drugs by improving their solubility, crossing the biological, biophysical, and biomedical barriers 

of the human body.154 In this context, conjugation of a drug to a dendrimer may increase its solubility and 

the circulation half-life of drugs.34  

To achieve biomedical applications, dendrimers like other systems must take into account the 

pharmacokinetic properties, such as absorption, distribution, metabolism, and elimination (ADME).155–157 

One important aspect of biodistribution and pharmacokinetic studies is to classify if the new drug is safe 

and efficient but also to estimate the clinical doses.158 Besides, when free medicine is administrated, it is 

necessary to increase the dose to achieve the therapeutic drug concentration.51 However, this high dose 

can lead to severe toxicity. The pharmacokinetics of the dendrimer itself and a dendrimer conjugated with 

a drug will change the properties of the dendrimers, and as consequence, the biodistribution will also be 

different.159 The ADME parameters can define the dendrimer pharmacokinetics such as clearance, the 

volume of distribution, the dose concentration, and the half-life of the drug.46,155,159 Some characteristics 

of dendrimers that influence their biodistribution and pharmacokinetics are the size and generation, the 

terminal functionalization (such as charge and target ligands), and the administration routes.71,158–161 

Indeed, a dendrimer can be designed to present desirable characteristics such as biocompatibility, 

pharmacokinetics, and bioavailability, that contribute to a successful material for biomedical 

applications.162,163 On this basis, dendrimers have been described in a wide range of biomedical 

applications including drug/gene delivery, transfection, antimicrobials, and tissue engineering.93,163  

In the following sections, the application of dendrimers will be discussed in the context of their 

use for antiviral therapy. The use of metallodendrimers and metallodrugs for cancer therapy will also be 

presented. 

 

 

2.1. Drug delivery 

Dendrimers are an excellent platform for drug delivery, protecting the drug molecules from the 

biological environment, reducing toxicity, and maintaining the accumulation into tumor tissue.24 The 

functionality of dendrimers can allow several interactions of drug molecules per dendrimer, which also 

increases the loading and stability of the dendrimer-drug conjugate.164 Dendrimer interactions with a 

molecule are mostly with the external terminal groups of the dendrimer. Nevertheless, there are five 

approaches of interaction between a dendrimer and a drug molecule: (a) electrostatic interactions with 

the surface groups; (b) encapsulation in the interior cavities of the dendrimer; (c) conjugation of the 

dendrimer to a drug with a covalent bond or by (d) a cleavable bond; (e) interaction of the drug and 

associated dendrimers165,166 (Figure 7). 
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Figure 7. Types of drug interactions using dendrimers: (a) electrostatic interactions; (b) encapsulation; (c) conjugation with 
a covalent bond (c) or by (d) a cleavable bond; (e) interaction of the drug and associated dendrimers (adapted from 
reference 165). 

 

 

The mechanisms for drug delivery can be summarized into two main aspects: the degradation by 

enzymes of the covalent bond between the drug and the dendrimer, and the drug release from the 

dendrimer due to physical variations or stimulus such as pH or temperature.166 

To be valid in nanomedicine, drug delivery systems have to accomplish certain requirements, 

such as a nanometric size, improve the solubility of hydrophobic drugs, the ability to deliver drugs or 

biomolecules to specific locations in the human body, and due to its nanosize can avoid fast clearance 

thus extending the time in the bloodstream.154 Nanocarriers can be found using different types of 

nanomaterials, including liposomes, nanocapsules, dendrimers, polymeric nanoparticles, nanotubes, 

micelles, and metal nanoparticles.24,154 Dendrimers offer several advantages such as increased drug 

stability, solubility, protection, and extend the drug’s circulation time.92,167,168 However, it is crucial to know 

the safety of using dendrimers in vivo. It is important to take into consideration the cytotoxicity of 

dendrimers, through the interaction with blood proteins and cells, animal toxicity, and biodistribution.163 

Dendrimers have been used as nanoplatforms as drug delivery systems, mostly as a vehicle for 

therapeutic drugs in cancer therapy.169 The functionalization of targeting molecules to the dendrimer can 

enhance cancer treatment efficiency by attaching to the tumor cells, and the side effects may be 

controlled.68 

 

   

2.2. Antiviral therapy 

Infectious diseases are one of the leading causes of death worldwide. Mainly viral infections have 

a significant impact on health and socioeconomic development, infecting millions of people.170,171 There 

are several diseases caused by viruses, including human immunodeficiency virus/acquired 



20 
 

immunodeficiency syndrome (HIV/AIDS), hepatitis B and C, influenza, and severe acute respiratory 

syndrome (SARS) more specifically respiratory syncytial virus (RSV) and the novel coronavirus SARS-

Cov-2 (COVID-19).171,172 To date, COVID-19 infection has shown to be extremely contagious, with more 

than 16.8 million confirmed cases and over 662 thousand deaths worldwide.173   

HIV/AIDS remains a major problematic subject with millions of new infections every year. The 

most recent data from the Joint United Nations Program on HIV/AIDS (UNAIDS) show that 38 million 

people are living with HIV and 1.7 million people were newly infected worldwide in 2019.174 

Member of the Retroviridae family and genus Lentivirus, HIV is a retrovirus, and its genome has 

two identical copies of single-strand RNA molecules.175,176 AIDS/HIV is characterized as a disorder of the 

immune system with a decrease in the number of helper T-cells responsible for the stimulation of B-cells 

to produce antibodies.177 HIV can infect a diversity of cells such as CD4+ T cells, macrophages, and 

microglial cells, and present a spherical shape with around 120 nm diameter.176 HIV was initially detected 

in 1981 in the United States, and the virus was first isolated in 1983 by Luc Montagnier178, and Robert 

Gallo179,180 assigned it to the cause of AIDS.181–183 

HIV infection can be categorized into two types of HIV isolates, HIV-type 1 (HIV-1) which is the 

most prevalent and infectious globally, and HIV-type 2 (HIV-2) more common in Africa, in particular in 

some regions of Western and Central Africa.175–177 These two types of HIV isolates present similar basic 

structural viral genes (gag, pol, and env) with other complex combinations of regulatory or accessory 

genes.175 In Figure 8 can be observed the basic structure of HIV-1. The gag gene encodes the core 

proteins (p24, p6, p7) and matrix (p17). The viral envelope glycoproteins (gp120 and gp41) are encoded 

by the env viral gene responsible for cell surface receptor recognition.175 The pol gene encodes the viral 

reverse transcriptase (responsible for the conversion of viral RNA into DNA), the integrase (assimilates 

viral DNA into host chromosomal DNA), and the protease (responsible for the cleavage of the gag and 

pol protein precursors into their active forms).175  

 

Figure 8. The fundamental structure of HIV-1. 

 

 

Nowadays, there is no cure for HIV, the primary cause of AIDS, and the main problem to 

overcome is viral reservoirs.184 These reservoirs are the primary cause that turns the cure of HIV 
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problematic since they are responsible for the drug-resistant virus.185 Viral reservoirs are the cellular 

locations and the anatomical sites where the virus replication is halted in infected cells.184 HIV can be 

transmitted by contact with contaminated blood and body fluids, via sexual intercourse, mother-to-child 

transmission, and the sharing of intravenous syringes.176,186 

HIV-1 infection begins with the entry of the virus through the binding of the viral envelope proteins 

gp120 to the cell surface receptors CD4, and then to the coreceptors, CCR5 and CXCR4.187–190 There 

are two types of HIV-1 isolates, R5 and X4, R5 isolates require CCR5 coreceptor for entry, the X4 isolates 

require CXCR4 coreceptors, and there are double R5X4 isolates that can use either CCR5 or CXCR4 

coreceptors.188  

In more detail, HIV-1 infection occurs with 6 phases: 

a) entry of the virus into immune cells by the absorption and fusion of glycoprotein (gp120) to the 

CD4 receptor on the cell surface, and the viral envelope releases the HIV RNA;  

b) the replication of the single-stranded RNA genome and transcription into complementary DNA 

(cDNA);  

c) integration of the cDNA into the cell nucleus DNA (such as leukocytes);  

d) recombination between the two RNA genomes of the HIV particle;  

e) the two HIV envelope glycoproteins (gp41 and gp120) are assembled, and the gp41 enters 

into the host cell and anchors gp120 to the membrane of the infected cell;  

f) spread and infection of HIV between CD4+ T cells.176,191  

Figure 9 is a schematic representation of the HIV infection/replication process. 

 

 

Figure 9. Schematic representation of the HIV infection/replication process: (a) HIV gets in contact with leukocytes, and 
the leukocytes are infected with HIV; (b) the infection/replication occurs by the virus binding to the CD4 receptor and 
coreceptors CXCR4 or CCR5, the fusion of the virus to the cell membrane, and release of the viral proteins and particles 
into the cell; (c) the infected leukocytes, after the replication/amplification of the virus, reach other target cells, such as 
CD4+ T cells, dendritic cells, and macrophages; (d)  and infect these target cells with the HIV to then proliferate. 
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2.2.1. Dendrimers as antivirals  

Nanomaterials, due to their high reactivity and extensive terminal surface volume, gave 

researchers innovative methodologies to develop new treatment and prevention approaches for HIV-1.192  

Dendrimers are excellent candidates as antivirals due to their functionality, multivalency, controllable 

toxicity, increased specificity, and improved bioavailability.170,186,193 The multivalency of dendrimers can 

be harnessed as inhibitors since viruses also use multivalent interactions to bind to receptors.193 

Multivalency is a great assistance in using dendrimers as nanotherapeutics because multivalent 

interactions are significantly stronger than monovalent interactions.193,194 Indeed, it is important to take 

into consideration the generation as well as the number of end-groups in dendrimers since this number 

increases exponentially with generations, and with that also the steric hindrance of the end-groups.193 

Therefore, dendrimers with low generations are less toxic, present more flexibility, and the structure tends 

to be more open and amorphous than the higher generation dendrimers that can have spherical 

conformation, the opposite of lower generation dendrimers.193 Dendrimers have shown excellent activity 

against several viruses such as HIV,195–198 herpes simplex virus (HSV),199,200 RSV,201 Ebola,202–204 and 

influenza virus.203,205,206 The dendrimers most used as antivirals have been functionalized with 

carbohydrates, anionic species, and peptides.207 Glycodendrimers are the most common to be tested as 

antivirals against infection by influenza and HIV.207 Polyanionic dendrimers have also been studied as 

inhibitors to HSV and HIV because of their negative charge surface.193,207 The in vitro studies show that 

dendrimers first act in the early stages of viral infection by preventing viral fusion to target cells and also 

play a role as entry inhibitors.197,198 Although VivaGel® failed to reach the clinical phase against HIV 

infection, recent news from Starpharma revealed that the SPL7013 dendrimer, the active compound in 

VivaGel®, presented promising results against SARS-CoV-2, responsible for COVID-19 infection, with 

significant antiviral activity.208 

Generally speaking, dendrimers can act as transporters of antiretroviral agents and can also act 

as antiretrovirals themselves.  

 

 

2.2.2. Current therapies targeting HIV infection 

Nanotechnology has been taking several efforts to discover new strategies to find and decrease 

HIV reservoirs.184 Although all efforts have been directed to find a cure for HIV/AIDS, until now it has 

remained a challenge to find. Treatment through antiretroviral therapy (ART) is still the best option to 

control this disease. The ART involves six classes of medicines including, nucleoside reverse 

transcriptase inhibitors, non-nucleoside reverse transcriptase inhibitors, protease inhibitors, entry and 

fusion inhibitors, CCR5 antagonists, and integrase inhibitors.170,209 However, HIV/AIDS infection entails 

an eternal treatment that can lead to the progress of drug resistance because they are not able to 

eradicate viral reservoirs.170,185  

An effective therapy that has improved the quality of life of HIV-infected individuals is the 

combination therapy of two or more drugs.170 Combination therapy can be more efficient and have a 
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synergetic effect relative to monotherapy that often leads to drug resistance, and thus to treatment 

failure.210,211 The combination of two or more drugs may reduce the amount of drug needed without 

compromising the required effect.210,212 Combination antiretroviral therapy (cART) through targeting 

multiple steps in viral infection, can be obtained by highly active antiretroviral therapy (HAART).191 

However, HAART presents some restrictions, even if it can suppress viral infection, unfortunately, it 

cannot avoid the eradication of HIV.191 For this reason it is less and less used in the clinic, and as such 

the main focus will be on cART. The differences between the most important therapies under clinical use 

for HIV treatment can be explained as cART, as mentioned above, which is characterized by the 

combination of at least two drugs from two different classes, while ART is the current term used to define 

HIV antiretroviral therapy (Figure 10).213 

 

Figure 10. Therapies used to treat HIV infection. 

 

 

Since none of the drugs currently available can cure HIV infections, antiviral therapy through 

effective viral suppression is the goal to improve the lives of HIV-infected individuals. Nevertheless, there 

are some issues to overcome with drug toxicity, drug interactions, drug-resistant mutations, and non-

adherence drugs.185,192 The use of delivery systems or new drugs with improved solubility and new 

mechanisms of action could answer some of these concerns.185 

 

 

2.2.3. Dendrimers as anti-HIV drugs  

Several ARV drugs are in different clinical phases with different mechanisms of action, from entry 

or fusion inhibitors to maturation inhibitors.191 Despite that VivaGel® developed by Starpharma, was 

initially prepared to be used as a microbicide against HIV and HSV infections, this dendrimer-based gel 

is currently commercially available (VivaGel® BV) for the treatment of bacterial vaginosis and is already 

in the market in Europe and Australia.214 

Presently, there are several dendrimer-based nanomaterials in research to act as antivirals 

agents. Muriel Blanzat and coworkers prepared a phosphorus-containing dendrimer with cinnamic acid 
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as a terminal with aminolactitol 3 to form a catanionic dendrimer.215 The prepared glycodendrimers were 

designed to take into consideration the influence of the multivalency of the dendrimer and the virus 

particles.  

Maria Ángeles Muñoz-Fernández and collaborators developed an anionic carbosilane dendrimer 

with promising results to be used as a topical microbicide against HIV-1 infection.81,197 This carbosilane 

dendrimer (G2-S16) has excellent biocompatibility in vivo and can prevent HIV-1 infection in the presence 

of semen. The same group also developed carbosilane dendrons functionalized with DO3A ligand with a 

copper complex and carbosilane dendrons containing fatty acids with high inhibitory capacity against HIV-

1 infection and HSV-2/HIV-1 co-infection, respectively.216,217  

The group of Francisco J. de la Mata and Rafael Gómez prepared anionic PPI copper 

metallodendrimers as antiviral agents against HIV-1 infection.218 They demonstrated that the copper 

complex improved the antiviral activity when compared with the free copper dendrimer. 

Ana San-Félix and coworkers prepared a tryptophan-based dendrimer with the ability to inhibiting 

HIV replication.219 These tryptophan dendrimers were effective in halting HIV entry by binding to the 

envelope glycoproteins gp120 and gp41. 

Our group prepared a series of low generation anionic poly(alkylidenamine)-based dendrimers 

with high antiviral activity against HIV-1 infection.198 These dendrimers of generation 1 with carboxylate 

and sulfonate terminal groups could block the entry of the viral particles into the cells and presented no 

inflammation or irritation on vaginal tissue using BALB/c mice.  

Development of novel formulations, such as new microbicides, whether as carriers for drugs or 

new nanomaterials capable of acting as antiretrovirals, gives a new hope to find an efficient treatment 

against HIV infection. Meanwhile, prevention is still the better choice to overcome this pandemic disease. 

HIV prevention can be done through Pre-Exposure Prophylaxis (PrEP) since the hope of an HIV vaccine 

continues elusive regardless of all the efforts to develop one.191 PrEP is a strategy developed for HIV-

negative individuals as a prevention approach for viral dissemination as oral, topical, or inject 

compounds.191 

 

 

2.3. Cancer Therapy 

Cancer is one of the leading causes of death in the world. In 2018, cancer was responsible for 

around 9.6 million deaths worldwide, with lung, breast, colorectal, prostate, skin, and stomach cancers 

being the most common tumors.220 In Europe, the most common cancers were prostate, breast, 

colorectal, and lung, with lung cancer responsible for about 56 000 deaths per 100 000 cases.221 

Nevertheless, the number of cancer survivors in the United States of America (USA) continues to 

increase.222 The estimated new cancer cases for the USA is 1.8 million, and an estimated 606 thousand 

deaths for this year of 2020.223  
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Solid tumors start with uncontrolled cell division and spread to adjacent tissues, causing a group 

of associated diseases (Figure 11).224 Cancer can be classified according to the tissue which is formed, 

such as: 

a) carcinoma, which is the most common type of cancer formed by epithelial cells;  

b) sarcoma, that form in bone and soft tissues;  

c) leukemia, formed in blood tissue in the bone marrow;  

d) lymphoma, starts in the lymphocytes;  

e) multiple myeloma, starts in plasma cells;  

f) melanoma, starts in cells that will become melanocytes;  

g) brain and spinal cord tumors, based on the kind of cell in which they are formed.224  

 

 

Figure 11. Schematic representation of the stages of cancer formation. 

 

 

Combination chemotherapy was firstly used to overcome drug resistance. As a result, 

combination therapy has been applied as a new treatment for cancer therapy, with the administration of 

combined chemotherapeutics that present different mechanisms of action.225 

Nanomedicine, more specifically through the use of nanotechnological approaches, is prevailing 

over the drawbacks of the conventional procedures of diagnosis and treatment by presuming more 

precision to the existing methods 226. Dendrimers have been used as delivery systems since they improve 

the therapeutic efficiency and reduce the negative aspects of the drug.227 

Theranostics,early cancer diagnosis and therapy, has been developed as a new approach for 

cancer treatment.227 Theranostic biomaterials can offer a new strategy to drug progress by improving the 

therapeutic efficiency and avoiding unwanted side effects leading to an increase on the practicability of 

precision medicine.228 In cancer, chemotherapy is important to eliminate the residual tumor that can 

spread metastatically after removal/reduction by surgery or radiotherapy.229 A chemotherapy drug is 

specifically related if it is effective against tumor metastases.229 
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2.3.1. New methodologies for cancer treatment 

The therapeutics method is to target the typical characteristics of cancer, with the aim specific to 

inhibit tumor angiogenesis and thus preventumor progression.160,230 Angiogenesis has an important 

contribution to tumor growth, progression, metastasis, and survival.231 Nanotechnology can support 

antiangiogenic therapy to overcome some limitations of cancer treatment.230 In particular, nanomedicine 

using antiangiogenic treatment still needs to improve its anticancer efficiency.231 The mostlty used cancer 

treatment approaches combine an extensive variety of chemotherapy drugs, with radiotherapy and 

surgery.52,160 

Cancer immunotherapies have progressed immensely revealing promising clinical responses, 

more precisely cancer vaccines, chimeric antigen receptor (CAR)-T cell therapy, immune checkpoint 

blockade (ICB) therapy, and cytokine therapy.232 The purpose of cancer immunotherapy is to 

communicate to the immune cells in the lymphoid tissues and in the tumor microenvironment to explore 

and destroy tumor cells.233 The antitumor immune responses can contribute to systemic immune 

surveillance and eradicate local and dispersed metastatic tumors.233 

The use of nanomaterials for drug delivery improves the protection and circulation time of the 

drug, and in this way decreases the toxicity towards the healthy cells.160 The accumulation of the drug at 

the tumor site can induce the enhanced permeability and retention (EPR) effect, which will improve the 

therapeutic effectiveness and reduce the side effects on healthy tissue.234,235 Dendrimers have several 

benefits in cancer diagnosis and therapy:  

(1) well-defined structure with surface multifunctionality for various purposes;  

(2) reproducible pharmacokinetics due to the monodispersity of dendrimers;  

(3) the multivalency or synergistic effects improve the biological, chemical, and physical 

properties of the compounds linked to the surface of the dendrimers;  

(4) exceptional cellular uptake efficacy and bioavailability for anticancer drugs;  

(5) controllable and variable sizes make them good candidates to use as protein mimetics for 

cancer therapy lacking immunogenicity;  

(6) excellent drug/gene delivery efficiency which can prevent some complications in cancer 

therapy.236 

 

 

2.3.2. Metallodrugs 

In the last years, there has been a breakthrough with the emergence of different types of 

metallodrugs, surpassing the predominance of cisplatin-based metallodrugs. Metallodrugs can be 

designed based on the choice of metal, oxidation state, coordination geometry, types, and the number of 

coordinated ligands (Figure 12).237  
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Figure 12. Characteristics to take into consideration on how to create a metallodrug, the metal, and ligand aspects to 
design a metal complex (adapted from reference 237). 

 

 

Coordination chemistry is characterized by the bond of a central atom, generally a metal ion, and 

a ligand, such as organic or inorganic molecules.238 Metal ions have natural properties, including 

favorable oxidation states and ligand geometries; however, the metal complex reactivity can differ in the 

number and type of ligands but also the surrounding environment.237 These metal complexes are 

coordination compounds, where the metal ion acts as a Lewis acid by receiving electron pairs from 

ligands, the Lewis bases.239 Some chemical and physical properties of metal complexes can be modified 

by potential reactions such as reduction and oxidation of the metal ion, or the linked or the substituted 

ligands, and the reactions on the ligands that are distant from the metal ion.237 Therefore, different types 

of metal can coordinate in different kinds of geometry. For example, ruthenium (Ru) can present two 

different types of coordination; ruthenium(II) can form both penta- or hexacoordinated complexes, but 

ruthenium(III) can only form hexacoordinated complexes, while cisplatin ((SP-4-2)-

diamminedichloroplatinum(II), cis-[Pt(NH3)2Cl2]) has a square planar geometry.240 This structural diversity 

provides one of the desirable characteristics in coordination compounds.239 

Metallodrugs have an interesting biological activity and, as a result, have been applied in several 

applications such as antibacterials, antimalarials, or as neuro-protector agents, against arthritis, among 

others.241 Of particular interest is their application in anticancer therapies. In this context, these 

metallotherapeutics offer exceptional and alternative mechanisms of action via conventional pure organic 

medicines, where they play a role in the prevention of cancer cell division and the activation of cancer 

cell apoptosis through the induction of DNA damage and the disruption of the DNA repair process.242,243 

However, due to the low efficacy of transportation of the active species to the target, new technologies 

have been developed based on nanostructured materials to overcome some problems related to the 

delivery of drugs to the desired location.154 In fact, nanomaterials can prevail over some of the 

disadvantages of metallodrugs. Furthermore, for that reason, they have been considered to improve their 

delivery and efficacy. Among the possible nanomaterials, due to their characteristics, dendrimers assume 

a significant role since they can address the limitations of conventional drugs such as solubility, stability, 
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specificity, and efficiency, and overcome biological issues (like cell penetration, clearance, and off-target 

interactions), offering an improved position of the metallic species by tuning metal centers.141,144 Their 

characteristics make them desirable nanomaterials to be used for drug delivery since the size and 

molecular weight can be controlled to enhance drug properties.139 Therefore, metal complexes with 

therapeutic qualities, including cisplatin and ruthenium complexes, can be transported by dendrimers as 

metal-based drugs. In the next sections, we will present these two metals, their complexes with biological 

activities, and mechanism of action since they are related to the scope of this thesis. 

 

 

2.3.2.1. Platinum 

The most well-known coordination compounds for anticancer chemotherapeutics involving 

platinum metal are cisplatin [cis-diaminedichloroplatinum(II)] and its derivatives, as can be seen in Figure 

13.241 Cisplatin was firstly prepared in 1844 by Michele Peyrone, and only in 1965 Barnett Rosenberg 

and coworkers discovered its biological activity, including its action against sarcoma cancer in rats and 

inhibition of Escherichia coli (E. coli) bacterial cell growth.244–246 At the end of 1978, cisplatin was 

approved as the first Food and Drug Administration (FDA) platinum drug for testicular and ovarian cancers 

treatment.247–250  

 

 

Figure 13. Structures of platinum anticancer derivatives: (a) cisplatin, (b) oxaliplatin, (c) carboplatin. 

 

 

Equally important, in the last decades, researchers developed several analogs of cisplatin to 

improve its therapeutic index, such as oxaliplatin and carboplatin.247,251 These two cisplatin analogs 

present different effectiveness in cancer treatment compared to cisplatin. Oxaliplatin is efficient against 

colon cancer and other cancers where cisplatin is not effective, and carboplatin is not active in treating 

germ cell tumors like cisplatin.251,252 

In the following subsections, side effects, drug resistance, mechanism of action, and DNA 

interaction of cisplatin will be discussed. 

 

 

2.3.2.1.1. Cisplatin: side effects and drug resistance 

Currently, cisplatin is extensively used in several cancer treatments, including ovarian, testicular, 

bladder, head, and neck tumors.243,247,248,251,253 The use of cisplatin, however, presents side effects due 
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to drug resistance, and several cytotoxicities such as nephrotoxicity (damage in the kidneys), 

hepatotoxicity (liver damage), cardiotoxicity (damage in the cardiac muscle), neurotoxicity (decrease in 

response due to infection damage in the neurons), ototoxicity (hearing loss), myelosuppression (reduction 

in the bone marrow activity), nausea and vomiting.247,254–257 These toxicities are dose-dependent.258 

Cisplatin has been used in combination therapy with other anticancer drugs due to significant side effects 

and drug resistance.247 Clinical platinum resistance is a major concern since it is the most used anticancer 

drug in chemotherapy.259 Drug resistance can be categorized as intrinsic resistance and acquired 

resistance. Intrinsic resistance is when a drug reveals to be ineffective from the beginning of the 

treatment, and acquired resistance is when a drug is efficient but over time becomes ineffective.258 In 

light of the drug resistance, several mechanisms in the cisplatin resistance can be involved, such as drug 

inactivation, changes in the drug target, reduction of intracellular drug accumulation, and avoiding of 

apoptosis.260 

 

 

2.3.2.1.2. Cisplatin: mechanism of action and DNA interaction 

The intracellular uptake of cisplatin has been assumed to occur by passive diffusion.261 It was 

found that copper transporter 1 (CTR1), a transmembrane protein implicated in copper homeostasis, has 

a central role in this uptake.251,262 This may result in a reduced accumulation of cisplatin by cancer cells 

since it induces degradation in the CRT1 concentration.248 Cisplatin can present at least two mechanisms 

of action towards cancer cells namely, binding to DNA and cytoplasmic targets such as proteins e.g. a 

deficient accumulation of cisplatin in the cell and the binding of cisplatin to proteins like glutathione.263 

After intravenously administrated into the bloodstream, cisplatin comes into contact with a high 

concentration of chloride (~100 mM), which prevents the aquation process, the substitution of the chloride 

ligands by water molecules.264,265 Once in the interior of the cell, hydrolysis occurs forming aquated 

species, due to the low chloride ion concentration (~4 mM).266 Studies performed by Trevor W. Hambley 

and collaborators showed that monoaquated cisplatin is more reactive to DNA binding than the diaquated 

species.267 To activate its anticancer potential, cisplatin may enter the cell and be activated via the 

substitution of the chloride ligands by water molecules. This substitution into hydroxyl species is 

influenced by the pH. In this case, 85% of the cisplatin complex will be in the dihydrate form at pH 7.4. 

However, at a lower pH (~6.0) about 80% of the monohydrate species are present.266 Nevertheless, when 

in blood circulation, cisplatin is exposed and can reach and bind to proteins such as human serum 

albumin (HSA) and the amino acid cysteine, especially glutathione.264,268,269 Glutathione may protect the 

cells through the capture of platinum compounds before their reaction with DNA, as well as support DNA 

repair.269 Indeed, after administration a large amount of cisplatin binds to proteins in blood plasma, and 

this binding is responsible for the drug deactivation.248,270 

Cisplatin interacts with DNA by coordinating to the N7 positions of the imidazole ring of two nearby 

guanines via an intrastrand crosslink.265 This coordination, with two guanines, usually occurs to a higher 

extent, but it can also occur with adducts of one guanine and one adenine to a lower extent.265 The 
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cytotoxicity effects between cisplatin and DNA are due to the changes in the intrastrand crosslinks leading 

to the distorted combination of DNA, which can be removed from DNA through repair pathways identified 

by damage-DNA binding proteins.265,271 DNA damage caused by cisplatin leads to cell death through the 

signal transduction pathways of apoptosis.261  

 

 

2.3.2.2. Ruthenium 

Ruthenium, being a transition metal, can occur in several oxidation states (+2, +3, and +4) that 

are useful for biological systems by reducing it to a more biologically active form.272–274 The different 

oxidation states confer to ruthenium complexes several benefits. For example, the Ru(II) complexes can 

kill cancer cells directly through various mechanisms, have good photophysical and chemical properties; 

while Ru(III) complexes can be used as prodrugs in conditions of acidic pH, hypoxia, they also have good 

thermodynamic stability and kinetics, and when in vivo can be reduced to Ru(II).240,272,273 Ru(II) and Ru(III) 

complexes are known for their potential as anticancer drugs. Ru(III) complexes are usually more inert, 

which can be assigned to the higher effective nuclear charge and they can be reduced to Ru(II), the more 

active form.259 Ruthenium can mimic the behavior of iron by binding to biological molecules, such as the 

affinity for transferrin and albumin, which leads to its accumulation in cancer cells and a decrease of the 

free complex concentration in the bloodstream.240,242,274 The capacity of ruthenium to mimic iron is 

probably related to the fact that it belongs to the same group as iron in the periodic table. The three-

dimensional configuration of ruthenium permits ligand coordination and functionalization that can be 

tuned depending on the molecular target.272  

Ruthenium complexes have been the alternative to platinum drugs due to their unusual antitumor 

activity, as well as their high possibilities of coordination geometries, and their ligand exchange kinetics 

are similar.259,273 Therefore, these complexes are likely to turn into the next generation of clinical metal 

anticancer drugs, owing to the many advantages, such as less cytotoxicity and genotoxicity, diverse 

ligand exchange kinetics, activation mechanism, transport, less drug resistance, potent efficacy, when 

compared to platinum drugs.242,273 

Organometallic ruthenium compounds containing cyclopentadienyl (5-C5H5) ligand have 

exceptional cytotoxicity in the nanomolar range against numerous human cancer cell lines, which makes 

them promising candidates for cancer therapy.274 Several cyclopentadienyl ruthenium complexes have 

been developed as anticancer agents with promising outcomes to be used as novel 

chemotherapeutics.153,275–278 

 

 

2.3.2.2.1. Ruthenium: cell cycle and DNA interactions  

Although all efforts have been directed towards understanding the mechanism of action of 

ruthenium complexes, it still remains elusive. Understanding at what stage of the cell cycle the ruthenium 

complexes are acting is also crucial. In cancer, cell cycle deregulation is a predictable characteristic, 



Introduction 

31 

 

since cancer cells present spontaneous proliferation and an increase in DNA mutations.279 The cell cycle 

is a process that guarantees the duplication of genetic information and cell division.280 This well-organized 

and regulated process occurs in four different phases, Gap 1 (G1) phase, synthesis (S) phase, Gap 2 

(G2) phase, and Mitosis (M) phase controlled by a family of cyclin-dependent kinases (CDKs).280–282 The 

phases involved in the cell cycle are characterized by G1 phase with cell growth and metabolic changes 

(duplication of cellular contents) for cell division; S phase with DNA synthesis, each chromosome is 

replicated; G2 phase, the cell prepares for division (mitosis and cytokinesis); M phase, nuclear division 

followed by cell division (cytokinesis), leading to the formation of two identical cells (Figure 14).281,282 In 

cancer, the cell cycle activity is atypical due to the changes in upstream signaling pathways or through 

genetic damage in genes encoding cell cycle proteins.280,282 The design of anticancer drugs, more 

precisely synthetic inhibitors of CDKs could control the unusual activation of the CDKs in cancer.279,280 

Previous studies showed that Ru(II) polypyridyl complexes are capable of inhibiting cell growth at G0/G1 

phase arrest.283–285  

 

 

Figure 14. Stages of the cell cycle: G1 phase (preparation for cell division); S phase (the genetic material is replicated); 
G2 phase (the cell is prepared for mitosis); Mitosis phase (nuclear and cell division occurs to form two identical cells). 

 

 

Findings achieved along the years have demonstrated the abilities of ruthenium complexes to 

prevent DNA replication, present mutagenic activity, induce the SOS repair mechanism, bind to nuclear 

DNA by reducing RNA synthesis, and atypical DNA structures.286 In particular, ruthenium compounds 

can bind to DNA in several ways, including covalent, intercalative, electrostatic, and major or minor 

groove binding.274,286 Ru(II) and Ru(III) complexes are recognized to target the N7 binding site of guanine, 

which is the most electron-rich location on DNA.287 Arene ruthenium complexes were suggested to have 

different mechanisms of action, such as the interactions between complexes that have reactive Ru-Cl 

bonds with nuclear DNA that can happen due to hydrolysis, leading to the formation of intermediary aqua 

complexes.237 These Ru(II) complexes can ruthenate DNA by binding to the guanine residues through 
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covalent or -stacking, and the arene attaches to DNA non-covalently by intercalation and minor groove 

binding.237,259,274 It seems that ruthenium complexes do not selectively interact with nucleobases and can 

bind to more than one reactive coordination site, acting as intra- or interstrand crosslink agents.287,288 

However, it is still necessary to recognize how these ruthenium complexes act in the cell cycle and their 

interaction with DNA. Therefore, our goal is to understand the mechanism of action of ruthenium 

complexes that currently remains unknown. 

 

 

2.3.2.2.2. Ruthenium complexes under development 

As mentioned above, ruthenium complexes have a high potential to be used as anticancer agents. 

Several complexes have been developed, offering promising outcomes as chemotherapeutics. Pedro R. 

Florindo and collaborators synthesized eight cyclopentadienyl-ruthenium(II) complexes and evaluated 

their anticancer properties against the HCT116 cell line through glucose transporters (GLUTs).289 Two of 

the eight ruthenium compounds were checked for the role of GLUTs in cellular internalization, and 

competition experiments using glucose. These ruthenium complexes were capable of internalizing via 

GLUT transmembrane proteins.  

Christian Gaiddon and coworkers prepared an organoruthenium compound (RDC11) (Figure 15a) 

with anticancer activity and studied the interaction of this ruthenium compound with histones and the 

impact on death pathways.290 The results indicated that RDC11 strongly interacts with several histones 

and triggers the ribosomal biogenesis response and the regulation of p53 and endoplasmic reticulum 

(ER) stress pathways.  

Alzir A. Batista and coworkers synthesized five ruthenium complexes (Figure 15b) and evaluated 

their antitumor efficacy and their interaction with calf thymus deoxyribonucleic acid (CT-DNA) and HSA.291 

All five compounds revealed their antitumor capacity against several cancer cell lines. The interaction 

studies with CT-DNA showed that the ruthenium compounds have a weak interaction with DNA. However, 

the binding studies with HSA demonstrated that the compounds were able to bind to HSA, suggesting 

that it can be transported in the body by this protein.  

Riccardo Pettinari and collaborators prepared seven Ru(II) arene complexes (Figure 15c) to 

assess their anticancer and apoptosis induction efficiency and their capacity to bind to DNA and bovine 

serum albumin (BSA).292 These compounds demonstrated cytotoxicity and pro-apoptotic effect and were 

able to interact with DNA via electrostatic interactions with an affinity for the DNA minor groove.  

Jesús J. Fernández and coworkers prepared two ruthenium complexes (Figure 15d) with 

anticancer activity that presented no toxicity in vivo.293 They performed several biological studies that 

proved that these two ruthenium (p-cymene) complexes presented a strong interaction with DNA, and 

their antiproliferative capacity was related to the joint mechanism of autophagy and apoptosis. Zebrafish 

embryo was used as an in vivo model, and the ruthenium complexes did not present any significant effect 

of lethal toxicity.  
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G. Bernal and coworkers developed two Ru(II) complexes and determined their anticancer activity 

through cytotoxicity studies, gene expression analysis, and caspase activation assays.294 The cytotoxicity 

studies were compared with cisplatin, and the ruthenium complex (Ru-UCN3) was more toxic, and the 

other ruthenium complex (Ru-UCN1) was more active when compared with cisplatin (Figure 15e). Both 

complexes induced apoptosis, and the Ru-UCN1 complex presented a solid caspase activation, which 

suggests being an attractive anticancer drug.  

Despite the promising results presented by ruthenium complexes, several obstacles need to be 

overcome to understand what their mechanism of action is and to maintain their anticancer activity. 

 

 

Figure 15. Ruthenium complexes structures under development: (a) RDC11 complex synthesized by Gaiddon et al.,290 (b) 
five ruthenium complexes derivatives prepared by Batista et al.,291 (c) seven ruthenium arene complexes prepared by 
Pettinari et al.,292 (d) two ruthenium complexes synthesized by Fernández et al.,293 (e) Ru-UCN1 and Ru-UCN3 complexes 
prepared by Bernal et al.294 

 

 

 

2.3.2.2.3. Ruthenium complexes in the clinical and preclinical phase  

In the early 1990s the anticancer activity of NAMI-A ((ImH)[trans-RuCl4(DMSO-S(Im)], Im = 

imidazole), a Ru(III) coordination compound was discovered.229 NAMI-A and KP1019/1339 ((IndH)[trans-

RuCl4(Ind)2], KP1019; Na[trans-RuCl4(Ind)2], KP1339/IT-139, Ind = indazole) were the first Ru(III) 

complexes that reached the clinical phase (structures in Figure 16).295  
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Figure 16. Ruthenium complexes most explored as anticancer metallodrugs candidates: (a) NAMI, (b) NAMI-A, (c) RM175, 
(d) KP1019, (e) KP1339 (also known as IT139), and (f) RAPTA-C. 

 

 

NAMI-A complex is an antimetastatic compound with low cytotoxicity that when replaced with 

imidazolium salt presents excellent water solubility, an improved synthesis, and better stability in the solid 

state because when in solution it suffers aquation that is deeply dependent on pH.229,295 The in vitro and 

in vivo studies of NAMI-A showed it to be less cytotoxic than cisplatin against several cancer cell lines 

with IC50 values at a millimolar range.296,297 However, NAMI-A presented high toxicity in several leukemia 

cell lines, both myeloid and lymphoid, at low micromolar concentrations.298 NAMI-A was also able to 

reduce the growth of lung metastases and tumor growth.299,300 To improve its therapeutic effect, NAMI-A 

can have a synergistic behavior when used with anticancer drugs such as cisplatin, doxorubicin, 5-

fluorouracil, and gemcitabine.229,301,302 Clinical studies using NAMI-A showed that in some patients the 

disease was stabilized, with low to moderate adverse effects.302,303 Despite all good expectations, NAMI-

A did not proceed to clinical phase 2 due to low treatment efficacy and to side effects like nausea, 

vomiting, and diarrhea with patients claiming that the treatment was exhausting.295,304 KP1019 was also 

evaluated against several chemosensitive and chemoresistant cell lines and presented IC50 values of 56 

µM to 179 µM.305 Results showed that a fast KP1019 resistance was unlikely because the resistance 

levels of KP1019 were considered low. Other in vitro studies show that the KP1019 complex was 

moderately cytotoxic, even compared to the sodium salt KP1339/IT-139, and in vivo models presented a 

tumor volume reduction of up to 95%, exhibiting to be an extremely active compound.295,304 But KP1019 

also failed clinical studies due to its deficient water solubility, acute side effects, and reduced efficacy. As 

a result, to improve the solubility of KP1019, KP1339/IT-139 (Figure 16d and Figure 16e) was developed, 

a sodium salt complex recently assessed in clinical trial phase 1 with controllable side effects.304,306,307  
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Other ruthenium complexes well-known for their anticancer properties are RM175 

([Ru(biphenyl)Cl(en)]+, en=1,2-ethylenediamine) and RAPTA-C (1,3,5-triaza-7-phosphaadamantane 

(PTA)) (Figure 16c and 15f, respectively).259 The RM175 complex was developed in 2001 by Peter J. 

Sadler and collaborators.308 This ruthenium compound, being a Ru(II) complex, binds to the guanines in 

the DNA thus increasing the DNA binding affinity to the complex, as well as inhibits the matrix 

metalloproteinase-2 (MMP-2).259 The RM175 complex acts by leading cells to apoptosis, preventing 

progression of the cell cycle and interfering with DNA replication.259 In vitro studies showed that RM175 

presented anticancer activity and reduced metastasis against MCa mammary carcinoma.309 On the other 

hand, RM175 increased the resistance of the MDA-MB-231 cell line. Other studies, displayed that RM175 

had IC50 values similar or higher than cisplatin in non-small-cell lung cancer cell lines and in the A2780 

cell line, and was active in in vivo studies.310,311 Initial studies of RAPTA-C showed that the damage in 

pBR322 DNA was pH-dependent, which may be used for selective targeting in cancer cells, but in vivo 

studies displayed a 50-75% tumor growth inhibition.259 In vitro and in vivo experiments showed that even 

when IC50 values werehigher than cisplatin, RAPTA-C was able to reduce tumor growth.312,313 

Despite all the potential that ruthenium compounds have demonstrated as anticancer drugs and 

the possibility of them becoming an alternative to platinum compounds, as far as we know, none of the 

ruthenium complexes have been approved until now for clinical use by any of the official drug 

regulatory authorities. 

 

 

2.3.2.2.4. Ruthenium metallodendrimers under development 

Additionally, ruthenium complexes have been coordinated to dendrimers as carriers, which can 

enhance the delivery of the metallodrug to aspecific location, reduce side effects, and improve therapeutic 

efficiency. Our group previuosly prepared two cyclopentadienyl ruthenium poly(alkylidenimine)-based 

metallodendrimers and evaluated them against several cancer cell lines and human mesenchymal stem 

cells (hMSCs).314 The two metallodendrimers showed high anticancer activity against the tumor cell lines, 

specifically to the cisplatin-resistant cancer cell line (A2780cisR).  

Gregory S. Smith and collaborators prepared PPI dendrimers functionalized with mono- and 

multinuclear Ru(II) arene complexes and tested them against ovarian cancer cell lines.85 The DNA 

binding studies indicated that the Ru(II) complexes increased DNA binding with the multinuclear 

complexes relative to the mononuclear complexes. Moreover, the antiproliferative activity of the 

multinuclear metallodendrimers was more effective than cisplatin. The same group developed four 

different generations of N,N-ruthenium(II)-ethylene-glycol-derived metallodendrimers.315 The prepared 

metallodendrimers were evaluated against cancer cell lines, and the results demonstrated that the lowest 

generations presented no activity. However, the higher generations were active in the cancer cell lines. 

Francisco J. de la Mata and collaborators developed carbosilane metallodendrimers bearing 

Ru(II) arene complexes and evaluated their ability to inhibit Cathepsin-B, a marker for numerous types of 

tumors and implicated in metastasis and tumor progression.316 The results showed that these 
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metallocompounds interacted with HSA and that they were able to inhibit Cathepsin-B with an IC50 in the 

same range of RAPTA-C and RAPTA-T (Ru(η6-C6H5Me)(PTA)Cl2). This group also prepared another 

family of ruthenium metallodendrimers using carbosilane dendrons with N-, NH2-donor monodentate and 

N,N-chelating ruthenium complexes with potential as anticancer agents against a leukemia cell line 

(HL60).317 In this study, generation 0 of these metallodendrimers was most effective, while generation 1 

was more active towards the cancer cell line with similar IC50 values between the cell lines relative to 

generation 0 that presented a higher IC50 for the non-cancer cell line. The same group also used 

ruthenium metallodendrimers as a transporter to deliver anticancer siRNA.318 The results displayed that 

the ruthenium metallodendrimers were able to transfect cancer cells with the siRNA and protect the siRNA 

from nuclease degradation. Recently, they published an article where ruthenium cyclopentadienyl 

metallodendrimers were prepared for the treatment of advanced prostate cancer.319 The prepared 

metallodendrimers showed an unusual anticancer activity towards several cancer cell lines and induced 

apoptosis on an advanced prostate cancer cell line. Moreover, the ruthenium cyclopentadienyl 

metallodendrimers inhibited tumor growth with nontoxic effects.  

 Table 1 summarizes the IC50 values of the metallodendrimers previously described for each 

group. The IC50 concentrations of the ruthenium metallodendrimers in the A2780 and A2780cisR cell lines 

showed that the metallodendrimers developed by our group314 were more effective than the 

metallodendrimers prepared by Gregory S. Smith85,315 with concentrations at the nanomolar range. The 

same was observed with the metallodendrimers prepared by our group and the ones prepared by 

Francisco J. de la Mata’s group. More than the generation and the number of ruthenium complexes 

functionalized into the dendrimer, the type of ruthenium complexes seems to play an essential role in the 

anticancer potential of these macromolecules. 

 

Table 1. Summary of the metallodendrimers, ruthenium complex, type of dendrimer used for coordination, metal centers 
per dendrimers, cell lines tested, and IC50 values of each group mentioned. 

Metallodendrimer 
reference 

Ruthenium complex/type 
of dendrimer 

Metal 
centers 

Cell line IC50, µM Reference 

3 

Ru(II)-cyclopentadienyl 

 PPI 

 

4 

Caco-2 
CAL-72 
MCF-7 
A2780 

A2780cisR 

3.4 
0.6 
2.5 
0.1 
0.3 

Rodrigues 
et al.314 

 

4 4 

Caco-2 
CAL-72 
MCF-7 
A2780 

A2780cisR 

3.2 
1.4 
3.0 
0.2 
0.3 

5 
Ru(II) p-cym 

PPI 
4 

A2780 
A2780cisR 

>200 
>200 

Smith et 
al.85 

 

6 
Ru(II) HMB 

PPI 
4 

A2780 
A2780cisR 

32 
42 

7 
Ru(II) p-cym 

PPI 
8 

A2780 
A2780cisR 

23 
76 

8 
Ru(II) HMB 

PPI 
8 

A2780 
A2780cisR 

4 
4 
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Table 1. (Cont.) Summary of the metallodendrimers, ruthenium complex and type of dendrimer used for coordination, 
metal centers per dendrimers, cell lines tested, and IC50 values of each group mentioned. 

Metallodendrimer 
reference 

Ruthenium complex/type 
of dendrimer 

Metal 
centers 

Cell line 
IC50, 
µM 

Reference 

5 
Ru(II) p-cym 

PPI 
4 

A2780 
A2780cisR 

>200 
>200 

Smith et 
al.85 

 

6 
Ru(II) HMB 

PPI 
4 

A2780 
A2780cisR 

32 
42 

7 
Ru(II) p-cym 

PPI 
8 

A2780 
A2780cisR 

23 
76 

8 
Ru(II) HMB 

PPI 
8 

A2780 
A2780cisR 

4 
4 

1 

Ru(II) arene 

PPI 

 

4 
A2780 

A2780cisR 
25.8 
50.0 

Smith et 
al.315 

2 8 
A2780 

A2780cisR 
>100 
>100 

3 16 
A2780 

A2780cisR 
16.7 
19.0 

4 32 
A2780 

A2780cisR 
5.0 

17.3 

14 

Ru(II) p-cym 

carbosilane 

4 

HeLa 
MCF-7 
HT-29 

MDA-MB-231 

4.4 
2.5 
3.3 
4.9 

de la Mata 
et al.316 

15 8 

HeLa 
MCF-7 
HT-29 

MDA-MB-231 

9.1 
3.4 
7.0 
6.7 

17 4 

HeLa 
MCF-7 
HT-29 

MDA-MB-231 

8.1 
6.9 
5.6 
6.1 

18 8 

HeLa 
MCF-7 
HT-29 

MDA-MB-231 

6.9 
8.5 

13.4 
10.1 

CRD13 

Ru(II) p-cym 

carbosilane 

4 

HL-60 

11.57 

de la Mata 
et al.317 

CRD14 4 12.05 

CRD32 4 12.01 

CRD27 8 12.94 

CRD28 8 29.81 

7 

Ru(II)-cyclopentadienyl 

carbosilane 

1 

HeLa 
HCC1806 

MCF-7 
PC-3 
HT-29 

18.3 
23.7 
26.4 
57.3 
59.3 

de la Mata 
et al.319 

8 4 

HeLa 
HCC1806 

MCF-7 
PC-3 
HT-29 

6.3 
2.2 

10.3 
8.3 

11.4 

9 8 

HeLa 
HCC1806 

MCF-7 
PC-3 
HT-29 

4.5 
2.3 

14.9 
6.6 
9.1 
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2.4. Dendrimers and metallodendrimers in preclinical and clinical trials 

Several dendrimer-based materials have been patented in recent years. Ana Paula Pêgo and 

collaborators developed a biodegradable and biocompatible dendrimer to be used as a delivery system 

for nucleic acids.320 Jean-Pierre Majoral and Anne-Marie Caminade have submitted several dendrimer-

related patents. They have developed different families of phosphorous dendrimers for the treatment of 

inflammatory diseases,321 as transfection agents,322 for immobilizing molecules of interest (such as 

nucleic acids, polypeptides, lipids, and proteins),323 to stimulate cell growth or to activate cells in 

culture.324 They have also developed new dendritic compounds for ocular drug delivery.325 In this case, 

preclinical studies showed no irritation when drops of the dendrimers solution were added into the rabbit 

eye. 

The dendrimers and metallodendrimers presently in the clinical phase are used as nanocarriers, 

as detection agents or as therapeutic agents. Most of the therapeutic agents that reach clinical trials often 

fail, even if they are shown to be effective in in vitro tests and animal models.326 These failures can be 

due to the biodistribution of the drug, where insufficient drug concentration reaches the target site, as well 

as the dose-limit toxicity.326 As mentioned before, VivaGel®, a naphthalene disulfonic acid conjugated to 

a poly-L-lysine (PLL) dendrimer, used for the treatment and prevention of bacterial vaginosis, has already 

been approved in Europe, Asia, and Australia. However, it is still awaiting approval by the US FDA.327,328 

At present, there are several dendrimer-based materials for research purposes in the pharmaceutical 

industry, mainly with PAMAM and PLL dendrimers.329 Stratus® CS 200 Acute Care™ developed by Dade 

Behring, a Siemens Healthineers Global company, is a PAMAM dendrimer-based immunoassay for the 

diagnosis of myocardial infarction in patients with acute chest pain.330,331 Qiagen company developed a 

gene transfection reagent for gene delivery (SuperFect®) based on PAMAM dendrimers.332 Priofect® (now 

NanoJuice®) is a PAMAM dendrimer-based DNA transfection kit developed by Starpharma for gene 

transfection.333 Bayer Schering Pharma AG developed a PLL dendrimer with 24 Gd-DOTA complexes 

(Gadomer-17) as a promising contrast-enhanced MRI agent.334,335 Alert Ticket is a dendron-based 

compound developed by the US Army Research Laboratory for anthrax detection.329,336,337 

Currently, in the clinical phase, there are quite a few dendrimer-based nanomaterials in study. 

OP-101 is a dendrimer-based drug for the treatment of adrenoleukodystrophy (ALD) developed by 

Orpheris that finished phase I clinical trials and will start phase 2 and 3.338–340 Starpharma has now three 

dendrimer-based anticancer drugs in clinical trials, DEP™ docetaxel in clinical phase 2, DEP® 

cabazitaxel showed positive results in clinical phase 1 and now progressed to phase 2, and DEP® 

irinotecan is in clinical phase 1/2.341–343 The conjugated PLL-based dendrimers, DEP™ docetaxel, 

presented a higher anticancer activity compared to free docetaxel (about 40-fold when compared to the 

free drug).344 

To the best of our knowledge, the first metallodendrimer in the clinical stage is a rhenium complex 

associated with a dendrimer for the treatment of liver cancer, which is currently in clinical phase 1.345 The 

treatment is performed by in situ and intratumoral injection of inoperable liver cancers. This rhenium 

metallodendrimer known as “[188Re]rhenium-ImDendrim” (rhenium-nitro-imidazolemethyl-1,2,3-triazol-
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methyl-di-(2-pycolyl)amine)) is based on a generation 5 poly-L-lysine dendrimer with a radioactive nitro-

imidazole derived ligand (Figure 17).346  

 

 

Figure 17. Structure of the rhenium metallodendrimer, 188Re-ImDendrim (adapted from reference 346). 
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3. General objectives of the thesis 

The fundamental goal of this thesis was to prepare and characterize poly(alkylidenamine)-based 

dendrimers and metallodendrimers against HIV infection and for anticancer applications. For this, we 

focused on the development of a nanocarrier, such as the poly(alkylidenamine)-based dendrimer family, 

able to be negatively charged or capable of transporting metal complexes.  

Four different terminal groups of the dendrimers were synthesized: nitrile, amine, carboxylate, 

and sulfonate. The dendrimers were coordinated with either a ruthenium cyclopentadienyl complex 

([Ru(5-C5H5)(PPh3)2]+) or cisplatin ([Pt(NH3)2(Cl)2]), avoiding by using this approach the concerns 

associated with metallodrugs and also improving the delivery efficiency for anticancer therapy. Their 

anticancer efficacy was evaluated against a representative set of cancer cell lines (A2780, A2780cisR, 

MCF-7, CAL-72, Caco-2, U-87 MG, and hMSC cells). The antiviral behavior of the anionic dendrimers 

with carboxylate and sulfonate terminal groups was assessed against HIV-1 infection using R5-HIV-1 

and X4-HIV-1. Their mechanism of action and the antiviral potential were also determined. 

The experimental part of this thesis is divided into three chapters, according to the final application 

and metal complex used. In more detail: 

a) The first goal (Chapter 2) was to prepare low generation (1 to 3) anionic poly(alkylidenamine) 

dendrimers as potential antiviral agents. The generation 1, 2, and 3 dendrimers with carboxylate 

and sulfonate terminal groups were characterized by Nuclear Magnetic Resonance (NMR), 

Fourier Transformed Infrared Spectroscopy (FT-IR), Mass Spectrometry (MS), and Zeta potential 

measurements.  Furthermore, degradation studies of the first generation of each dendrimer at 

25C were evaluated by 1H-NMR. Their biocompatibility was studied using TZM.bl cells, and their 

antiviral efficacy was assessed using R5-HIV-1 and X4-HIV-1 isolates. The mechanism of action 

as well as the in vivo biocompatibility was evaluated using BALB/c mice. 

b) The second goal (Chapter 3) was to prepare low generations of the nitrile terminated 

poly(alkylidenamine) dendrimers (G0 to G2) and to functionalize the generation 0 and 1 with 

[Ru(5-C5H5)(PPh3)2]+ moieties and to evaluate their behavior against HIV-1 infection. The 

generation 0 and 1 dendrimers with nitrile terminal groups were used to coordinate the ruthenium 

moiety. All dendrimers and metallodendrimers were characterized by NMR, FT-IR, MS, and 

Elemental Analysis (EA). Afterwards, their biocompatibility was assessed with the TZM.bl cell line 

to obtain non-toxic concentrations and to test their anti-HIV-1 activity. 

c) Chapter 4, generation 2 ruthenium poly(alkylidenamine)-based metallodendrimer was prepared 

and characterized. The G2Ru metallodendrimer was characterized by NMR, FT-IR, Ultraviolet-

visible spectroscopy (UV-Vis), and MS. In this chapter, generation 0, 1, and 2 metallodendrimers 

were evaluated as potential anticancer metallodrugs. Additionally, in Chapter 4, stability studies 

were performed using 1H- and 31P-NMR at three different temperatures (4, 25, and 37C). 

Subsequently, the antitumor activity of each metallodendrimer was quantitatively analyzed 

against several cancer cell lines (A2780, A2780cisR, MCF-7, CAL-72, Caco-2, U-87 MG) and a 

non-cancerogenic cell line hMSCs using a cell metabolic activity assay. DNA binding assays were 



Introduction 

41 

 

performed with the metallodendrimers and CT-DNA. The hemolytic activity was also evaluated 

using human blood. The reactive oxygen species (ROS), the mitochondrial membrane potential, 

the cell cycle, and apoptosis were assessed by flow cytometry. 

d) The fourth aim (Chapter 5) was to prepare low generations (1 and 2) of the anionic 

poly(alkylidenamine) dendrimers and their functionalization with cisplatin to improve its anticancer 

efficacy. All metallodendrimers were characterized by NMR, FT-IR, MS. The preliminary results 

of their potential anticancer activity were evaluated against A2780 and MCF-7 cancer cell lines.  
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*This Chapter is based on the following publication: 

Maciel, D.; Guerero-Beltrán, C.; Ceña-Diez, R.; Tomás, H.; Muñoz-Fernández, M.A.; Rodrigues, J. New 

poly(alkylideneamine) dendrimers as a microbicide against HIV-1 infection. Nanoscale 2019,11, 9679-

9690. doi: 10.1039/C9NR00303G. 
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Chapter 2. New poly(alkylidenamine) dendrimers as a microbicide against HIV-1 

infection 

 

 

1. Introduction 

Although the advent of combined antiretroviral therapy has been crucial for controlling the human 

immunodeficiency virus type-1 (HIV-1) infection and reducing morbidity and mortality worldwide, a cure 

for HIV/AIDS is still elusive, and prevention remains crucial.347 The Joint United Nations Program on 

HIV/AIDS (UNAIDS) estimates that 38 million people were living with HIV-1 worldwide at the end of 

2019.174 Moreover, HIV-1 sexual transmission (HST) is responsible for around 80% of all infection cases, 

with women being a group particularly affected due to their more vulnerable socio-economic situation 

(they correspond to more than 50% of infected individuals).348 In the last years, the use of long-lasting, 

female-controlled, and efficacious topical microbicides to decrease and control the HIV-1 epidemic 

among women has strongly emerged.349,350 In this scope, microbicides have been developed to target 

viral surface proteins, such as gp120, for the direct binding and inactivation of HIV-1. Interestingly enough, 

the most researched systems in this kind of microbicides have been dendrimers.197,351–355 

Nanomaterials, such as dendrimers, present characteristics that make them very attractive to the 

biomedical field. The number of peripheral chemical groups in dendrimers is usually relatively high 

(multivalency) and this is maybe one of their most valuable properties having in view possible biomedical 

applications, mainly when recognition processes are involved.75 Indeed, the use of multiple ligands may 

compensate for a low binding activity of the ligand towards the receptor (low affinity), leading to an 

improved avidity (the combined effect of multiple ligands). Anionic dendrimers, specifically with sulfonate 

groups in the periphery, have shown promising results as antiviral agents.218,356,357 The SPL7013, a 

fourth-generation dendrimer, is composed of a benzhydrylamine amide core linked to PLL branches 

capped with 32 anionic naphthalene disulfonate groups (BHA.lys15lys16(NHCOCH2O)1-(3,6-

naphth(SO3Na)32 (BHA = benzhydrylamine)) (Figure 18).358–360 The anionic groups are responsible for 

interacting with gp120.188,357,360 This SPL7013 dendrimer has been developed commercially as a gel 

(VivaGel®) by Starpharma (Australia). However, the use of this microbicide was halted in early clinical 

trials due to safety issues.361,362 As stated before, Starpharma gel (VivaGel® BV), is under FDA regulatory 

evaluation to obtain approval for the treatment and prevention of bacterial vaginosis (BV).327,328  
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Figure 18. Structure of the SPL7013 dendrimer used in the preparation of VivaGel® (adapted from reference 360). 
 

 

Other microbicide dendrimers sharing similar gp120 targeting ability have been developed, such 

as G2-S16, a second-generation carbosilane dendrimer capped with 16 sulfonate groups.81 Promising 

results were obtained in a humanized mice model by treatment with a vaginal gel containing 3% w/v of 

G2-S16 dendrimer before intravaginal exposure to HIV-1. This vaginal gel loaded with G2-S16 dendrimer 

provided 84% of HIV-1 protection in comparison with no protection in the placebo gel group of humanized 

mice.193,197,363  

Based on our previous teamwork217,364–366 and on the fact that dendrimers having a long core 

carbon chain (in our case the 1,6-diaminohexane/Hexamethylenediamine) as a starting molecule present 

more flexibility, these molecules can be potentially used in vitro and in vivo to target proteins more 

efficiently at the nanometer scale.367 We have now synthesized novel poly(alkylidenamine) dendrimers 

with carboxylate and sulfonate terminal groups, from the first to the third generation, aimed at evaluating 

their potential as inhibitors of HIV-1 activity. In this scope, studies were done with the variants R5-HIV-1 

and X4-HIV-1 and the mechanism of action of the developed dendrimers was investigated (Figure 19). 

 

 

Figure 19. Schematic representation of the hypothetic mechanism of action of the anionic poly(alkylidenamine) 
dendrimers: in the left, a representation of the interaction of HIV-1 and the dendrimers with a T cell; on the right, an enlarged 
representation of the interaction (dendrimers go to the virus blocking the attachment of HIV-1 to the cell). 
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2. Materials and methods 

2.1. Materials 

All reagents were used as received unless otherwise reported. Sodium vinyl sulfonate was 

purchased from TCI. Methyl acrylate was bought from Acros Organics. Sodium hydroxide was obtained 

from Fisher Scientific. Methanol was bought from Fisher Chemical. Dialysis membranes (MWCO 100-

500 Da, 500-1000 Da, and 3500 Da) were purchased from SpectrumLabs. The epithelial Hela-derived 

cell line TZM.bl (Cat# 8129, AIDS Reagent Program, Germantown, MD, USA), expressing CD4, CCR5, 

and CXCR4 co-receptors, and containing HIV-1 Tat-regulated reporter genes for firefly luciferase and β-

galactosidase (β-gal) were used. These TZM.bl cells were modified to be extremely permissive to 

infection by most strains of HIV, such as primary or molecularly cloned viral isolates.368 Virus stocks of 

R5-HIV-1NLAD8 and X4-HIV-1NL4.3 were obtained by transient transfection of pNL(AD8) and pNL(4.3) 

plasmids (NIH AIDS Research and Reference Reagent Program), respectively, into 293T cells (American 

Type Culture Collection [ATCC], Manassas, VA, USA) as previously described.356 Viral stocks were 

purified by centrifugation, and the viral titer was obtained using an HIV p24gag ELISA kit (Innotest® HIV, 

antigen mAb, Innogenetic, Ghent, Belgium).217 

All the biological studies performed in this chapter were carried out at the Section of Immunology, 

Laboratorio de Inmunobiología Molecular at the Hospital General Universitario Gregorio Marañón 

(Madrid, Spain), under the support of the FCT Ph.D. grant and the project CYTED. 

 

 

2.2.  Dendrimer synthesis and characterization 

As presented below (Scheme 2 and Figure 20), and detailed ahead, the preparation of the 

carboxylate and sulfonate dendrimers can be divided into three steps. First, we started by preparing the 

nitrile poly(alkylidenamine) dendrimers using a methodology previously developed by our team.364 Next, 

the amine-terminated dendrimers were prepared through the reduction of the nitrile groups into primary 

amines by following the method developed by Marie-Christine Daniel et al. (Scheme 1) and described in 

section A.1.2.369 Finally, in the last step, the carboxylate and sulfonate dendrimers were obtained using 

Michael addition according to the procedure described by Francisco J. de la Mata et al.366 All dendrimers 

were characterized by NMR and FT-IR spectroscopies, mass spectrometry (ESI-TOF-MS), and zeta 

potential analysis.  

 

 

Scheme 1. Reaction scheme of the preparation of the nitrile and amine-terminated dendrimers. 
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Scheme 2. General procedure for the synthesis of the carboxylate and sulfonate dendrimers. 

 

 

 

Figure 20. Structures of the carboxylate (G1C, G2C, and G3C) and the sulfonate (G1S, G2S, and G3S) 
poly(alkylidenamine) dendrimers. 
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2.2.1. Synthesis and characterization of GxCO2Na dendrimers.  

2.2.1.1. G1C dendrimer 

At room temperature, the amine-terminated dendrimer G0NH2 (1.3 g, 3.7 mmol) prepared as 

described before369 (for the synthesis see annex section A.1.2.1), was dissolved in 8 mL of methanol. 

Methyl acrylate (3.7 mL, 41.5 mmol; 2.8 equiv. per amine group) was then added to the previous solution. 

The reaction mixture was then stirred overnight at 80C under a nitrogen atmosphere. The solvent was 

removed under vacuum to obtain the methyl ester dendrimer as a clear oil with a yield of 71% (2.7 g). 1H-

NMR (400 MHz, D2O)  = 3. 63 (–CO2Me), 2.99, 2.75 – 2.71 (–CH2CO2Me), 2.42 – 2.35, 1.54 – 1.24 ppm. 

13C-NMR (100 MHz, D2O)  = 173.10 (–CO2Me), 54.14, 52.05 (–CO2Me), 51.90, 51.57, 49.33, 32.56, 

25.89, 24.58, 23.65 ppm. Only the relevant signals are presented. 

To prepare the carboxylate dendrimers, a solution of sodium hydroxide (0.6 g, 14.6 mmol; 1.1 

equiv. per carboxylate group) in 4 mL of methanol was added to the methyl ester dendrimer (1.7 g, 1.7 

mmol) dissolved in 3 mL of methanol and this was stirred for 48 h at room temperature. The solvent was 

removed under reduced pressure, dissolved in distilled water, and purified with a dialysis membrane 

(MWCO 100-500 Da) for 1 day. The carboxylate dendrimers were obtained as white solids after 

lyophilization, washed with diethyl ether, and dried under vacuum with a yield of 87% (1.6 g). 1H-NMR 

(400 MHz, D2O)  = 2.82 – 2.55, 2.36 (–CH2CO2Na), 1.95 – 1.32 ppm. 13C-NMR (100 MHz, D2O)  = 

180.47/180.45* (–CO2Na, protonated*), 52.44, 50.53, 49.66, 49.06, 33.12, 25.84, 24.07, 22.77 ppm. FT-

IR:  = 2946.48 cm-1 (O-H).  TOF-MS (ESI-): m/z = 941.51 [M – 7Na + 6H]-1, 919.52 [M – 8Na + 7H]-1. 

Only the relevant signals are presented. 

 

 

2.2.1.2. G2C dendrimer 

The generation 1 of amine-terminated dendrimer G1NH2 (0.5 g, 0.7 mmol) (prepared as described 

before;369 for the synthesis see annex section A.1.2.2) was dissolved in 8 mL of methanol. Methyl acrylate 

(1.3 mL, 14.8 mmol; 2.8 equiv. per amine group) was then added to the previous solution at room 

temperature. The solution mixture was then stirred overnight at 80C under a nitrogen atmosphere. The 

solvent was removed under vacuum to obtain the methyl ester dendrimer as a clear oil with a yield of 

84% (1.2 g). 1H-NMR (400 MHz, D2O)  = 3.63 (–CO2Me), 2.95, 2.74 – 2.70 (–CH2CO2Me), 2.42 – 2.39, 

1.57 – 1.24 ppm. 13C-NMR (100 MHz, D2O)  = 173.10 (–CO2Me), 51.80 (–CO2Me), 51.63, 50.67, 49.21, 

32.44, 26.39, 24.07, 23.27 ppm. Only the relevant signals are presented. 

The carboxylate dendrimers were prepared using a solution of sodium hydroxide (0.3 g, 6.6 mmol; 

1.1 equiv. per carboxylate group) in 4 mL of methanol that were added to the methyl ester dendrimer (0.8 

g, 0.4 mmol) dissolved in 3 mL of methanol and stirred for 48 h at room temperature. The solvent was 

removed under reduced pressure, dissolved in distilled water, and purified with a dialysis membrane 

(MWCO 500-1000 Da) for 1 day. The carboxylate dendrimers were obtained as white solids after 

lyophilization, washed with diethyl ether, and dried under vacuum with a yield of 60% (0.5 g). 1H-NMR 

(400 MHz, D2O)  = 3.11 – 2.51, 2.37 (–CH2CO2Na), 1.97 – 1.18 ppm. 13C-NMR (100 MHz, 
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D2O)  = 178.68 (–CO2Na), 51.92, 50.55, 49.53, 49.27, 31.68, 25.55, 23.28, 20.31 ppm.  FT-IR: 

 = 2953.63 cm-1 (O-H), 1727.23 cm-1 (C=O). TOF-MS (ESI-): m/z = 939.57 [M – C3H5O2 – 16Na + 13H]-

2. Only the relevant signals are presented. 

 

 

2.2.1.3. G3C dendrimer 

At room temperature, the G2 amine-terminated dendrimer G2NH2 (0.5 g, 0.3 mmol) was dissolved 

in 8 mL of methanol.Methyl acrylate (1.3 mL, 13.9 mmol; 2.8 equiv. per amine group) was then added to 

the previous solution. The reaction mixture was then stirred overnight at 80C under a nitrogen 

atmosphere. The solvent was removed under vacuum to obtain the methyl ester dendrimer as a clear oil 

with a yield of 78% (1.1 g). 1H-NMR (400 MHz, D2O)  = 3.64 (–CO2Me), 2.76 – 2.72 (–CH2CO2Me), 2.44 

– 2.38, 1.55 – 1.23 ppm. 13C-NMR (100 MHz, D2O)  = 173.13 (–CO2Me), 51.91 (–CO2Me), 51.64, 50.80, 

49.28, 32.51, 24.49 ppm. Only the relevant signals are presented. 

To prepare the carboxylate dendrimers, a solution of sodium hydroxide (0.2 g, 4.6 mmol; 1.1 

equiv. per carboxylate group) in 4 mL of methanol was added to the methyl ester dendrimer (0.6 g, 0.1 

mmol) dissolved in 3 mL of methanol and this was stirred for 48 h at room temperature. The solvent was 

removed under reduced pressure, and the product was dissolved in distilled water and purified with a 

dialysis membrane (MWCO 3500 Da) for 1 day. The carboxylate dendrimers were obtained as white 

solids after lyophilization, washed with diethyl ether, and dried under vacuum with a yield of 47% (0.3 g). 

1H-NMR (400 MHz, D2O)  = 3.35 – 2.53, 2.46 (–CH2CO2Na), 1.98 – 1.16 ppm. 13C-NMR (100 MHz, D2O) 

 = 179.53/178.31* (–CO2Na, protonated*), 49.94, 49.29, 45.64, 44.20, 32.32, 25.87, 22.54, 20.70 ppm. 

FT-IR:  = 2954.49 cm-1 (O-H). TOF-MS (ESI-): m/z = 1146.74 [M – C93H154N15Na16O3 – 3Na + 1H]-2. Only 

the relevant signals are presented. 

 

 

2.2.2. Synthesis and characterization of GxSO3Na dendrimers  

2.2.2.1. G1S dendrimer 

G0 amine-terminated dendrimer (1.4 g, 4.0 mmol) was dissolved in 3 mL methanol and sodium 

vinyl sulfonate (13.8 mL, 31.7 mmol; 2 equiv. per amine group) was added to the previous solution at 

room temperature. The reaction was stirred for 48 h at 120C under nitrogen. The solvent was removed 

and the final product was purified using a dialysis membrane (MWCO 100-500 Da) for 1 day. The 

sulfonate dendrimers were obtained after lyophilization as white solids in gram scale 37% (2.0 g). 1H-

NMR (400 MHz, D2O)  = 3.22 – 3.04, 2.98 (–CH2SO3Na), 2.74, 2.62, 1.90 – 1.38 ppm.  13C-NMR (100 

MHz, D2O)  = 52.45, 50.72, 49.13, 46.76, 43.19 (–CH2SO3Na), 25.39, 25.17, 21.48, 20.50 ppm. FT-IR  

= 1194.75 cm-1 (S=O), 1045.45 cm-1 (S=O). TOF-MS (ESI-): m/z = 622.76 [M – 8Na + 5H + K]-2. Only the 

relevant signals are presented. 
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2.2.2.2. G2S dendrimer 

At room temperature, the G1 amine-terminated dendrimer (0.5 g, 0.7 mmol) was dissolved in 3 

mL methanol and sodium vinyl sulfonate (2.8 mL, 6.5 mmol; 2 equiv. per amine group) was added to the 

solution. The reaction mixture was stirred for 48 h at 120C under nitrogen. The solvent was removed 

and the final product was purified using a dialysis membrane (MWCO 500-1000 Da) for 1 day. The 

sulfonate dendrimers were obtained after lyophilization as white solids in gram scale 48% (0.9 g). 1H-

NMR (400 MHz, D2O)  = 3.11 – 3.09, 2.99 (–CH2SO3Na), 2.71 – 2.58, 1.85 – 1.40 ppm. 13C-NMR (100 

MHz, D2O)  = 52.45, 50.53, 47.25, 46.64, 43.06 (–CH2SO3Na), 25.55, 23.44, 22.36, 20.44 ppm. FT-

IR:  = 1188.10 cm-1 (S=O), 1043.79 cm-1 (S=O). TOF-MS (ESI-): m/z = 441.79 [M – C37H74N7Na8O24S8 

– 5Na + 2H]-3, 691.75 [M – C37H74N7Na8O24S8 – 4Na + 2H + CH3OH]-2. Only the relevant signals are 

presented. 

 

 

2.2.2.3. G3S dendrimer 

At room temperature, the G2 amine-terminated dendrimer (0.3 g, 0.2 mmol) was dissolved in 3 

mL methanol and sodium vinyl sulfonate (2.8 mL, 6.5 mmol; 2 equiv. per amine group) was added to the 

previous solution. The reaction was stirred for 48 h at 120C under nitrogen. The solvent was removed 

and the final product was purified using a dialysis membrane (MWCO 3500 Da) for 1 day. The sulfonate 

dendrimers were obtained after lyophilization as white solids in gram scale 76% (0.9 g). 1H-NMR (400 

MHz, D2O)  = 3.25 – 3.11, 3.04 (–CH2SO3Na), 2.66, 1.88 – 1.31 ppm. 13C-NMR (100 MHz, D2O) 

 = 52.61, 50.13, 47.51, 46.90, 43.12 (–CH2SO3Na), 25.72, 23.29, 21.34, 20.36 ppm. FT-IR:  = 1186.19 

cm-1 (S=O), 1042.64 cm-1 (S=O).  TOF-MS (ESI-): m/z = 1333. 97 [M – C77H154N15Na16O48S16 – 12Na + 

10H + CH3OH + 2H2O]-2, 1369.93 [M – C77H154N15Na16O48S16 – 13Na + 11H + H2O]-2, 1571.98 [M – 

C77H154N15Na16O48S16 – 8(C2H4NaO3S) – 3Na + 5H]. Only the relevant signals are presented. 

 

 

2.3. Dendrimer stability studies  

Stability studies for the carboxylate and sulfonate dendrimers were performed using NMR 

spectroscopy. The 1H-NMR spectra were obtained by dissolving the prepared dendrimers in D2O. Initial 

spectra were done at 25C. Then, the NMR tube solutions were incubated at 4C and NMR spectra were 

acquired at different periods at the probe temperature (25C). 

 

 

2.4. Dendrimer zeta potential measurements  

The zeta potential of the carboxylate and sulfonate dendrimers was measured using Zetasizer 

Nano ZS equipment. All dendrimers were dispersed in nuclease-free water at a concentration of 1 mg/mL. 

The measurements were done for three independent experiments corresponding to 20 runs each. 

Disposable folded capillary cells were used for the zeta potential analysis. 
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2.5. Biological assays 

2.5.1. Cell viability assays 

TZM.bl cells were seeded in 96-well plates at a density of 15 x 103 cells/well. After that, cells were 

treated with G1C, G2C, G3C, G1S, G2S and G3S dendrimers, each prepared at a stock concentration 

of 250 µM in nuclease-free water and diluted to a range concentration of 0.01 µM to 25 µM. After 48 h of 

incubation, TZM.bl cell viability was quantified by the measurement of the metabolic activity of the cells 

in culture through the (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide) (MTT) assay 

(Sigma-Aldrich). Briefly, the cell culture medium was replaced with OPTI-MEM containing MTT (0.5 

mg/mL). The formazan crystals obtained were dissolved in DMSO, and the absorbance was measured 

at 570 nm with a reference of 690 nm in a microplate reader (Synergy 2 Multi-Detection Microplate 

Reader, BioTek Instruments, Inc.). 

 

 

2.5.2. Anti-HIV-1 activity of dendrimers 

TZM.bl cells were seeded in 96-well plates (15 x 103 cells/well). After 24 h, the cells were pre-

treated with the dendrimers at maximum non-toxic concentrations for 1 h at 37 C. Next, cells were 

infected with R5-HIV-1NLAD8 or X4-HIV-1NL4.3 isolates (15 ng/106 cells). After 2 h post-infection, the cells 

were washed twice with sterile PBS to remove unbound viruses and compounds. Luciferase activity was 

measured after 48 h post-infection to quantify the extension of HIV-1 infection (Luciferase Assay System 

kit, Promega Corporation, Fitchburg, WI, USA).  

 

 

2.5.3. Time-of-addition experiment 

TZM.bl cells were infected with 15 ng/106 cells of the R5-HIV-1NLAD8 strain for 2 h at 37C. The 

dendrimer solutions at 25 µM and the controls, T-20 (20 µM), TDF (1 µM), and RAL (1 µM), were added 

at different time points post-infection. HIV-1 infection was quantified after 48h by measuring luciferase 

activity. 

 

 

2.5.4. Inhibition of virus-cell attachment assay  

TZM.bl cells were cultured as mentioned above. The cells were cooled at 4C for 30 min before 

being treated with the dendrimers for 1 h at 4C. The cells were then infected with the R5-HIV-1NLAD8 and 

X4-HIV-1NL4.3 viruses (15 ng/106 cells) for 2 h at 4C. Thereafter the cells were washed twice with sterile 

PBS and fresh medium was added to the wells. After 48 h of incubation at 37C, HIV-1 infection on TZM.bl 

cells was evaluated as mentioned above. 
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2.5.5. Evaluation of the direct effect of the dendrimer on viral particles 

In order to assess the direct effect of the dendrimers on the HIV-1 particles, cell-free virus (15 

ng/106 cells) was incubated with the G1C and G1S dendrimers for 1 h at 4 C. Afterwards, the cells were 

infected with dendrimer-virus solutions. At 2 h post-infection, they were washed twice with PBS and fresh 

medium was then added. The luciferase assay was performed 48 h post-infection to quantify the extent 

of HIV-1 infection. 

 

 

2.5.6. Dendrimer-cell binding assay 

TZM.bl cells were treated with the G1C and G1S dendrimers for 1 h. Then, cells were washed 

twice with sterile PBS and infected with R5-HIV-1NLAD8 or X4-HIV-1NL4.3 isolates (15 ng/106 cells). After 2 

h, the cells were washed to remove unbound viruses. After 48 h, HIV-1 infection of the TZM.bl cells was 

quantified by the luciferase assay.  

 

 

2.5.7. pH effect on dendrimer anti-HIV-1 activity 

The G1C and G1S dendrimers were incubated at room temperature in various pH solutions 

prepared in sterilized distilled water (ranging from 3.0 to 8.0 values) for 1 h. TZM.bl cells were pre-treated 

for 1 h with the G1C and G1S dendrimers, and subsequently, the cells were infected with R5-HIV-1NLAD8 

isolates (15 ng/106 cells) for 2 h. After 48 h, the HIV-1 infection on TZM.bl cells was measured using the 

luciferase assay. 

 

 

2.5.8. Vaginal irritation assay in BALB/c mice 

To know if the dendrimers could cause vaginal irritation, a vaginal irritation assay was performed 

in BALB/c mice for 7 days with the daily application of the dendrimers. Twelve female, 7 week old BALB/c 

mice with a weight of 20±3 g were used in the assay. G1C or G1S was added to 1% hydroxyethylcellulose 

(HEC) placebo gel to a final dendrimer concentration of 3% w/v. BALB/c mice were randomized into 4 

groups of 3 mice per group. Group A (control) was treated vaginally only with 30 µl of 1% HEC gel, group 

B (irritation group) was treated vaginally with 4.5% nonoxynol-9 (N9) a nonionic surfactant in PBS, group 

C was treated with 1% HEC gel with G1C and group D was treated with 1% HEC gel with G1S. The four 

conditions were applied intravaginally in female BALB/c mice previously anesthetized with isoflurane. 

After 20h, the BALB/c mice were sacrificed and the vaginas were extracted and conserved in 4% (w/v) 

formaldehyde. 

The presence of histological lesions in the mice vaginas was evaluated with hematoxylin-eosin 

staining. Samples were embedded in paraffin by passage through increasing degree alcohols, two baths 

of xylene, and then paraffin, before being placed in the paraffin mold. Subsequently, they were cut by 

using a semi-motorized microtome (RM2145 Leica) and processed for staining. For dewaxing, samples 
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were submitted to two baths of xylene (10 min) and three baths of descending order of alcohols (100%, 

90%, and 70%) (5 min), before being stained with hematoxylin (Merck, Madrid, Spain) for 5 min and eosin 

(Merck, Madrid, Spain) for another 5 min. Post-eosin staining dehydration was performed with passage 

through increasing degree alcohols (70%, 90%, and 100%) and bath of xylene solution. Finally, they were 

mounted with DPX (Prolabo, Obregón, Mexico). The existence of an injury in the vaginal epithelium, 

inflammatory infiltrate, vascular congestion, and/or edema in the submucosa was evaluated in each 

histological sample. The scores assigned for each of these lesions were: 0 (no change) when no injury 

or the observed changes were within the normal range; 1 (minimum) when changes were sparse but 

exceeded those considered normal; 2 (light) when injuries were identifiable but with no severity; 3 

(moderate) for a significant injury that could increase in severity; 4 (very serious) for injuries that occupy 

most of the analyzed tissue. These values were added up and determined the level of vaginal irritation 

as a minimum of 1-4, average 5-6, moderate 7-9, and severe 9+.81 These animal studies were conducted 

and approved by the CBMSO Institutional Animal Care and Use Committee (CEEA-CBMSO, Madrid, 

Spain). All experiments were carried out following CEEA-CBMSO, National (Royal Decree 1201/2005), 

and the Directive 2010/63/EU of the European Parliament guidelines and regulations. 

 

 

2.5.9. Statistical analysis 

Statistical analysis was performed with GraphPad software Prism v.5.0 (GraphPad Software, San 

Diego, CA, USA). Calculation of the mean, standard deviation, standard error of the mean, and p-values 

was performed using Mann–Whitney U nonparametric test. A p-value ≤0.05 was considered statistically 

significant. 

 

 

3. Results and discussion 

3.1. Synthesis and characterization of the carboxylate and sulfonate dendrimers 

The development of a microbicide able to protect against HIV-1 and capable of fighting its 

dissemination is still a huge necessity and a challenge for the scientific community. In the last years, 

nanomaterials based on dendrimers have been proposed as a viable strategy to reach the UNAIDS 

objective of zero infections.193,370,371 Inspired by these promising works, we have prepared three 

generations of new dendrimers with carboxylate (G1C-G3C) and sulfonate (G1S-G3S) terminal groups 

based on nitrile-terminated poly(alkylidenamine) dendrimers and aimed at their use as potential 

microbicides against HIV-1 infection. The G1C, G2C, and G3C carboxylate dendrimers were successfully 

prepared with good to reasonable yields of 87%, 60%, and 47%, respectively. The same happened for 

the G1S, G2S, G3S sulfonate dendrimers, with yields of 37%, 48%, and 76%, respectively. The 

carboxylate and sulfonate dendrimers were characterized by 1H- and 13C-NMR and FT-IR 

spectroscopies, MS, and zeta potential techniques. Despite our efforts to remove all signals of solvents 

used in the purification (done by solvent-solvent extraction), they are still visible in the spectra. The 
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carboxylate and sulfonate dendrimers presented the expected characteristic signals of each compound. 

Characteristic signals at 2.36, 2.37, and 2.46 ppm, for the G1C (Figure 21), G2C (see annex Figure A9), 

and G3C (annex Figure A11) carboxylate dendrimers correspond to the protons near the carboxylate 

group. The signal around 180 ppm in the 13C-NMR spectra of the G1C (Figure 22), G2C, and G3C 

carboxylate dendrimers correspond to the carbon of the carboxylate group (annex Figure A10 and Figure 

A12, respectively). G1S (Figure 23), G2S, and G3S sulfonate dendrimers show expected proton signals, 

respectively, at 2.98, 2.99, and 3.04 ppm (see annex Figure A13 and Figure A15, respectively). In Figure 

24, the 13C-NMR spectra for G1S, G2S and G3S (annex Figure A14 and Figure A16), the carbon nearest 

to the sulfonate group is shown at 43.19, 43.06, and 43.12 ppm, respectively. 

 

 

 

Figure 21. 1H-NMR spectrum of the carboxylate dendrimer G1C in D2O. (Abbreviation: * = tetrahydrofuran, † = ethyl 

acetate). 

 

 

 

 

Figure 22. 13C-NMR spectrum of the carboxylate dendrimer G1C in D2O. (Abbreviation: † = ethyl acetate, * = 

tetrahydrofuran). 
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Figure 23. 1H-NMR spectrum of the sulfonate dendrimer G1S in D2O. (Abbreviation: † = ethyl acetate). 

 

 

 

 

Figure 24. 13C-NMR spectrum of the sulfonate dendrimer G1S in D2O. (Abbreviation: † = ethyl acetate, § = diethyl ether). 

 

 

The FT-IR analysis of the sulfonate and carboxylate dendrimers was also performed. The 

carboxylate dendrimers (Figure 25), generation 1 to 3, presented the expected characteristic bands for 

these dendrimers. The bands corresponding to the O-H stretch are observed at 2946.48, 2953.63, and 

2954.49 cm-1, for the G1C, G2C, and G3C, respectively. A stretch band due to the C=O of the carboxylic 

acid was, as well, detected at 1727.23 cm-1 for the G2C dendrimer. In the case of the sulfonate 

dendrimers, the bands for G1S, G2S, and G3S at 1194.75, 1188.10, and 1186.19 cm-1, respectively, 

correspond to the sulfonate region of the FT-IR spectrum (Figure 26). The stretch bands of the sulfoxides 

(S=O) at 1045.45, 1043.79, and 1042.64 cm-1 were also detected for the G1S, G2S, and G3S dendrimers, 

respectively.  
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Figure 25. FT-IR spectra of the carboxylate dendrimers from generation 1 to 3, G1C, G2C, and G3C (KBr pellets). 

 

 

 

Figure 26. FT-IR spectra of the sulfonate dendrimers from generation 1 to 3, G1S, G2S, and G3S. (KBr pellets). 

 

 

The synthesis of the carboxylate and sulfonate dendrimers was confirmed by TOF-MS (ESI-) 

negative mode analysis as can be seen summarized in Table 2. Peaks at m/z = 941.51 [M – 7Na + 6H]-

1 and at m/z = 919.52 [M – 8Na + 7H]-1 were observed for the G1C dendrimer (Figure 27). The G2C 

dendrimer presented a peak at m/z = 939.57 [M – C3H5O2 – 16Na + 13H]-2 (see annex Figure A17). In 
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the case of the G3C dendrimer, only half a molecule was found with m/z = 1146.74 [M – C93H154N15Na16O3 

– 3Na + 1H]-2 (annex Figure A18). The G1S dendrimer (Figure 28) showed a peak at m/z = 622.76 [M – 

8Na + 5H + K]-2. For the G2S and G3S dendrimers, since they are large molecules, just half dendrimers 

were found. For the G2S dendrimer, the two half molecules found were m/z = 441.79 [M – 

C37H74N7Na8O24S8 – 5Na + 2H]-3 and 691.75 [M – C37H74N7Na8O24S8 – 4Na + 2H + CH3OH]-2 as can be 

seen in see annex Figure A19. In the G3S dendrimer (annex Figure A20) 3 partial molecules were also 

identified with m/z = 1333. 97 [M – C77H154N15Na16O48S16 – 12Na + 10H + CH3OH + 2H2O]-2, 1369.93 [M 

– C77H154N15Na16O48S16 – 13Na + 11H + H2O]-2 and 1571.98 [M – C77H154N15Na16O48S16 – 8(C2H4NaO3S) 

– 3Na + 5H].  

 

 

Table 2. Molecular weight of the carboxylate and sulfonate dendrimers. 

 G1C G2C G3C G1S G2S G3S 

Molecular 

weight 
1096.95 2306.08 4724.33 1385.33 2882.84 5877.86 

m/z 

calculated 

941.50 

919.52 
939.56 1146.98 622.10 

441.74 

691.13 

1333.31 

1369.32 

1571.76 

m/z 

found 

941.51 

[M – 7Na + 6H]-1 

 

919.52 

[M – 8Na + 7H]-1 

939.57 

[M – C3H5O2 – 

16Na +13H]-2 

1146.74 

[M – 

C93H154N15Na1

6O3 – 3Na + 

1H]-2 

622.76 

[M – 8Na + 

5H + K]-2 

441.79 

[M – 

C37H74N7Na8O

24S8 – 5Na 

+2H]-3 

 

691.75 

[M – 

C37H74N7Na8O

24S8 – 4Na + 

2H + CH3OH]-

2 

 

1333.97 

[M – 

C77H154N15Na16O48

S16 – 12Na + 10H 

+ CH3OH + 2H2O]-

2 

 

1369.93 

[M – 

C77H154N15Na16O48

S16 – 13Na + 11H 

+ H2O]-2 

 

1571.98 

[M – 

C77H154N15Na16O48

S16 – 

8(C2H4NaO3S) - 

3Na + 5H] 
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Figure 27. HRMS Q-TOF (ESI-) mass spectrum of the G1C dendrimer. 

 

 

 

 

Figure 28.  HRMS Q-TOF (ESI-) mass spectrum of the G1S dendrimer. 

 

 

In particular, the G1C and G1S dendrimers, which were later shown to possess the best anti-HIV-

1 activity and were selected to proceed to further biological and anti-infection studies, were fully 

functionalized at their surface. Their total functionalization was confirmed by the NMR spectra and by MS 

for both G1C and G1S dendrimers. Each dendrimer had 8 carboxylate (G1C) or 8 sulfonate (G1S) 

terminal groups that were responsible for their anionic character as indicated by zeta potential 
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measurements. One should notice that absolute values of zeta potential for G1C (–31.9 ± 1.2) and G1S 

(–45.1 ± 4.4) are quite high in absolute value, which should be good to keep them in a non-aggregated 

form in aqueous solutions for long periods (Table 3). Furthermore, the negative charge on the surface of 

the G1C and G1S dendrimers should be crucial to avoid interactions with the surface of epithelial cells, 

where there are plenty of glycoproteins and glycolipids (the glycocalyx) that confer them a negative 

surface charge too. The repulsion between anionic dendrimers and the cell membrane will contribute to 

their cytocompatibility. As expected, G1C, G2C, and G3C carboxylate dendrimers displayed a negative 

charge surface of –31.9 mV, –43.5 mV, and –50.4 mV, respectively. The zeta potential of the G1S and 

G2S sulfonate dendrimers was negative too, presenting values of –45.1 mV and –44.3 mV, respectively. 

The positive charge of the G3S dendrimer (19.5 mV) suggests that the dendrimer could be only partially 

functionalized with the sulfonate groups, as can be confirmed by the MS data where a half-molecule was 

found partially functionalized. 

 

Table 3. Zeta potential data of the carboxylate and sulfonate dendrimers. 

 G1C G2C G3C G1S G2S G3S 

Zeta potential (mV)a –31.9 ± 1.2 –43.5 ± 1.4  –50.4 ± 2.9  –45.1 ± 4.4 –44.3 ± 2.8 19.5 ± 1.2 

aData represent the mean ± SD of three independent experiments. 

 

 

3.2. Dendrimer stability studies  

Stability studies were carried out with the G1C and G1S dendrimers using 1H-NMR. The G1C and 

G1S dendrimers show to have chemical stability with time, which is a significant characteristic to be 

considered when long-term storage is required, as is the case of pharmaceutical formulations. Indeed, 

the stability studies made with the G1C and G1S dendrimers using 1H-NMR clearly showed that they 

were stable in an aqueous solution at the temperature of 4ºC at least for one year and a half (Figure 29 

and Figure 30).  
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Figure 29. 1H-NMR spectra of the G1C dendrimer. Stability studies were performed in D2O (probe temperature: 25C), 

and the dendrimer solutions were kept at 4C for a long time. Abbreviations: h = hours, d = days, m = months, † = solvent 
signal, ‡ = carboxylate group (–CH2CO2Na). 

 

 

 

Figure 30. 1H-NMR spectra of the G1S dendrimer after 18 months. Stability studies were performed in D2O (probe 

temperature: 25C), and the dendrimer solutions were kept at 4C for a long time. Abbreviations: h = hours, d = days, m = 
months, † = solvent signal, * = sulfonate group (–CH2SO3Na). 
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3.3. Cell viability assays 

As expected, and in accordance with their anionic charge surface, all carboxylate and sulfonate 

dendrimers exhibited a very good cytocompatibility (Figure 31). The in vitro cell viability of the G1C, G2C, 

and G3C carboxylate and G1S, G2S, G3S sulfonate dendrimers was evaluated on TZM.bl cells using the 

MTT assay. Cells were treated for 48 h with serial dilutions of both types of dendrimers. Adequate controls 

were established by exposing the cells only to cell culture medium (negative control) and to DMSO diluted 

in cell culture medium at 10% (v/v) (positive control). When the extension of cell survival was >80% 

compared to the negative control, compounds were considered to be non-toxic. Our results showed that 

the G1C, G2C, and G3C and the G1S and G2S dendrimers were non-toxic even for the maximum 

concentration tested of 25 µM. The G3S dendrimer was the only exception, reaching toxicity level at a 

concentration of 10 µM. This information concerning the effect of dendrimers on cell viability was very 

important to establish adequate concentrations to use in the anti-HIV-1 infection assays. 

 

 

Figure 31. Viability of TZM.bl cells upon exposure to carboxylate and sulfonate dendrimers. TZM.bl cells were subjected 
for 48 h to carboxylate dendrimers (G1C, G2C, G3C), sulfonate dendrimers (G1S, G2S, G3S), within a concentration range 
of 0.01 µM to 25 µM. Negative (non-treated cells, CNT) and positive controls (DMSO at 10% v/v) are indicated. Data are 

represented as mean ± SD of three independent experiments performed in triplicate. 

 

 

3.4. Dendrimer anti-HIV-1 activity using TZM.bl cells 

TZM.bl cells were used to verify the anti-HIV-1 activity of the prepared compounds. This cell line 

is highly sensitive to HIV-1 infection, with CD4 receptors at the surface, and copies of luciferase and β-

galactosidase genes that can be easily used to quantify the HIV-1 infection. Anti-HIV-1 activity assays 

were carried out using the carboxylate and sulfonate dendrimers (Figure 32). Therefore, to evaluate 

whether the activity of the dendrimers is dose-dependent, the anti-HIV-1 activity in TZM.bl cells was 

estimated for both families of carboxylate and sulfonate dendrimers at 10 µM and 25 µM which were the 

two highest concentrations tested in the cell viability assays – these concentrations were shown to be 

nontoxic. For the G3S dendrimer, 5 µM and 10 µM concentrations were tested since this particular 

dendrimer was more toxic than the others at 25 µM. TZM.bl cells were pre-treated for 1 h with the different 
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dendrimers and then infected with R5-HIV-1NLAD8 and X4-HIV-1NL4.3 isolates for 2 h. The percentage of 

infection was determined at 48 h post-infection by the measurement of luciferase activity.  

Very interesting results were obtained for the dendrimers with carboxylate terminal groups as they 

were able to diminish viral activity for both R5-HIV-1NLAD8 and X4-HIV-1NL4.3 isolates significantly. As 

displayed in Figure 32a, results showed that the G1C carboxylate dendrimer prevented R5-HIV-1NLAD8 

infection by an extent of 85% and 90% for concentrations of 10 µM and 25 µM, respectively. These values 

were 55% and 64% for the G2C dendrimer and 57% and 40% for the G3C dendrimer, respectively. The 

anti-HIV-1 activity, however, did not increase with dendrimer generation and the G1C dendrimer was, in 

general, the most promising one. In the case of the dendrimers with sulfonate terminal groups, only the 

lowest generation (G1S dendrimer) presented significant antiviral activity against both types of virus 

isolates. The G1S sulfonate dendrimer reached inhibition values of 75% (at 10 µM) and 85% (at 25 µM) 

regarding R5-HIV-1NLAD8 infection. However, the G2S and G3S dendrimers did not exert any activity 

against R5-HIV-1NLAD8 infection (Figure 32a).  

The carboxylate and sulfonate dendrimers were also tested for anti-X4-HIV-1NL4.3 activity. The 

G1C dendrimer prevented X4-HIV-1NL4.3 infection by 59% and 50% for concentrations of 10 µM and 25 

µM, respectively. The G2C dendrimer reached infection inhibition values of 63%, whereas the G3C 

dendrimer led to a reduction of X4-HIV-1NL4.3 infection of 53% (at 10 µM) and 48% (at 25 µM). As regards 

the G1S dendrimer, the percentage of inhibition of X4-HIV-1NL4.3 infection was between 52% (at 10 µM) 

and 72% (at 25 µM). Finally, it was observed that the G2S and G3S dendrimers did not inhibit X4-HIV-

1NL4.3 infection (Figure 32b).  

This first set of experiments allowed for the selection of the G1C and G1S dendrimers as the best 

microbicide candidates from the group. 

 

 

Figure 32. HIV-1 inhibition assays. TZM.bl cells were treated with the dendrimers G1C, G2C and G3C (10 µM and 25 µM); 
G1S and G2S (10 µM and 25 µM); G3S (5 µM and 10 µM) for 1 h and then infected with (a) R5-HIV-1NLAD8 or (b) X4-HIV-
1NL4.3 isolates for 2 h. Luciferase activity was measured after 48 h of infection. CI is the control of infection. The data 
represent the mean ± SD of three independent experiments performed in triplicate. *: p<0.05; **: p<0.001; ***: p<0.0001 
vs CI. 
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3.5. Time-of-addition experiment 

To determine at which time point the dendrimers act through an HIV-1 infection cycle, a time-of-

addition assay was performed as can be seen in Figure 33. A non-toxic concentration (25 µM) was 

selected to evaluate the dendrimer mode of action and was added to R5-HIV-1NLAD8 infected cells at the 

different time of addition. The selected dendrimers, G1C, and G1S were evaluated against HIV-1 

infection. As controls were used, Enfuvirtide (T-20) as a fusion inhibitor, Tenofovir Disoproxil Fumarate 

(TDF) as a transcriptase inhibitor, and Raltegravir (RAL) as an integrase inhibitor. Enfuvirtide (T-20), 

blocks the fusion of the gp41 subunit of HIV to the cell membrane, preventing cells of the immune system 

from infection, and reducing the amount of HIV in the human body.372,373 Tenofovir Disoproxil Fumarate 

(TDF) inhibits the activity of HIV-1 transcriptase via competition with deoxyadenosine 5’-triphosphate in 

the DNA by initiating viral DNA chain termination.374 TDF belongs to the nucleoside reverse transcriptase 

inhibitor drug class and is always combined with other HIV antiretroviral drugs for the treatment of HIV 

infection.375 Raltegravir (RAL) hampers the insertion of HIV-1 DNA into the host cell genome by 

preventing the activity of HIV-1 integrase, and like TDF is always used in combination with other 

antiretroviral medicines.376,377 Enfuvirtide (T-20) started to decline after 7h, Tenofovir Disoproxil Fumarate 

(TDF) sustained its activity for 8h, and RAL (Raltegravir) maintained its activity constant for 24h. The G1S 

and G1C dendrimers presented inhibition in the first hour of viral infection. In conclusion, our anionic 

dendrimers act in the first stage of the virus cycle, preventing the spread right from the entry/fusion of the 

HIV-1 in the host cell.378 

 

 

Figure 33. Time-of-addition experiment in the HIV-1 viral cycle. TZM.bl cells were infected with the R5-HIV-1NLAD8 isolate 

for 2 h. G1C and G1S dendrimers (25 µM), T-20 (20 µM), TDF (1 µM) or RAL (1 µM) were added at various time points: 

(a) results obtained over 24 h; (b) enlarged graph of the first 8 h of treatment. Data represent the mean ± SD of three 
independent experiments performed in triplicate. Abbreviations: T-20 = enfuvirtide; TDF = Tenofovir Disoproxil Fumarate; 
RAL = Raltegravir. 

 

 

3.6. Inhibition of virus-cell attachment assay  

To identify the possible mechanism of action of the G1C and G1S dendrimers against HIV-1 

infection, time-of-drug-addition assays were performed where TZM.bl cells were infected with R5-HIV-

1NLAD8 isolates for 2 h at 37C, followed by dendrimer (at 25 µM) addition at different time points post-

infection. These assays revealed that the dendrimers were acting in the first stages of the viral cycle 
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(Figure 33). Consequently, the next objective was to investigate whether the dendrimers were inhibiting 

virus-cell attachment. Thus, a first assay was carried out to evaluate whether the dendrimers were 

interfering with the binding of the virus to the host cells. For this assay, TZM.bl cells were pre-chilled at 

4C since, at this temperature, the overall fluidity of the cellular membrane decreases and becomes less 

permeable. Then, after being treated with the dendrimers for 1 h, cells were exposed to the R5-HIV-1NLAD8 

and X4-HIV-1NL4.3 isolates for 2 h. After washing (to remove unbound dendrimers and viruses) and cell 

incubation at 37C (to allow the membrane to recover its permeability and the infection process to 

proceed) for 48 h, the extent of infection was quantified by measurement of luciferase activity. The results 

demonstrated that the carboxylate and sulfonate (G1C and G1S) dendrimers decreased the ability of 

both virus isolates to attach to the cell membrane. The G1C dendrimers prevented R5-HIV-1NLAD8 

infection by 55% (at 10 µM, p<0.05) and 93% (at 25 µM, p<0.0001). The G1S dendrimers displayed 94% 

(at 10 µM, p<0.0001) and 87% (at 25 µM, p<0.001) of inhibition of R5-HIV-1NLAD8 infection (Figure 34a). 

In relation to X4-HIV-1NL4.3 infection, inhibition by the G1C dendrimer was 60% (at 10 µM, p<0.05) and 

49% (at 25 µM, p<0.05), whereas inhibition by the G1S dendrimer was 79% (at 10 µM, p<0.0001) and 

77% (at 25 µM, p<0.001) (Figure 34b).  

Indeed, our results demonstrated that the G1C carboxylate and G1S sulfonate dendrimers 

inhibited both viruses from attaching to the cell membrane to a great extent.  At this point, the question 

to ask was if dendrimers were hampering the viruses from attaching to the cell membrane by directly 

interacting with them or if they were preventing virus uptake by binding to the virus receptors at the cell’s 

membrane. 

 

 

Figure 34. Inhibition of virus-cell attachment assay. TZM.bl cells were treated with the G1C and G1S dendrimers (10 µM 

and 25 µM) at 4C for 1 h and infected with (a) R5-HIV-1NLAD8 and (b) X4-HIV-1NL4.3 isolates. The data represent the mean 
± SD of three independent experiments performed in triplicate. *: p<0.05; **: p<0.001; ***: p<0.0001 vs CI. Abbreviations: 
CI = control of infection. 

 

 

3.7. The direct effect of the dendrimers on viral particles 

Following the previous experiments, the direct effect of the dendrimers on the R5-HIV-1NLAD8 and 

X4-HIV-1NL4.3 viral particles was studied. The G1 of the carboxylate and sulfonate dendrimers were used 

to prepare the dendrimer-virus solutions that were first pre-incubated for 1 h at 4C, and only then TZM.bl 
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cells were infected for 2 h with these dendrimer-virus solutions. After infection using the virus/dendrimer 

mixture, the antiviral activity was measured, revealing a significant decrease in infection when compared 

with the control (Figure 35). This happened for both the G1C and G1S dendrimers, for both concentrations 

studied, and for both virus isolates (R5-HIV-1NLAD8 and X4-HIV-1NL4.3). These results indicate that the 

dendrimers were acting directly on the viral particles, as already observed for other nanoparticles.217,379 

Results showed that the G1C and G1S dendrimers had activity directed against the R5-HIV-1NLAD8 and 

X4-HIV-1NL4.3 isolates. For the R5-HIV-1NLAD8 isolate, the G1C dendrimers exhibited inhibition 

percentages of 78% (at 10 µM, p<0.0001) and 90% (at 25 µM, p<0.0001), while for the G1S dendrimers 

these values were 79% (at 10 µM, p<0.0001) and 84% (at 25 µM, p<0.0001) (Figure 35a). Furthermore, 

the G1C dendrimers inhibited X4-HIV-1NL4.3 infection by 64% (at 10 µM, p<0.001) and 72% (at 25 µM, 

p<0.0001) and the G1S dendrimer by 71% (at 10 µM, p<0.0001) and 69% (at 25 µM, p<0.0001) (Figure 

35b).  

This mechanism could be due to the negative charges on the surface of the dendrimers that 

interact through electrostatic forces with the cationic residues of the viral glycoproteins that have an 

important role in infection like gp120 and/or gp41.188 Since dendrimers of low generation are more flexible, 

probably they can better interact with their molecular target in the virus.187,363 

 

 

Figure 35.The direct effect of the dendrimers on the viral particles. TZM.bl cells were infected with (a) R5-HIV-1NLAD8 and 

(b) X4-HIV-1NL4.3 strains previously co-incubated (at 4C) with the G1C and G1S dendrimers (10 µM and 25 µM) for 2 h. 
The percentage of HIV-1 infection was measured as luciferase activity after 48 h of infection. The data correspond to the 
mean ± SD of three independent experiments performed in triplicate. **: p<0.001; ***: p<0.0001 vs CI. Abbreviations: CI = 
control of infection. 

 

 

3.8. Dendrimer-cell binding assays 

In order to determine whether dendrimers bind to host cells to protect them against HIV-1 infection 

by binding to specific cell surface proteins, dendrimer-cell binding assays were performed. Indeed, it is 

known that HIV-1 entry is mainly dependent on gp120 binding to the CD4 receptor and CCR5/CXCR4 

co-receptors present in the target cells.187,193 Briefly, TZM.bl cells were pre-treated with the G1C and G1S 

dendrimers for 1 h. Then, the cells were washed to remove the unbound dendrimers before R5-HIV-

1NLAD8 and X4-HIV-1NL4.3 infection. Results showed that both dendrimers at all concentrations tested did 

not significantly reduce the extent of HIV-1 infection (Figure 36). Therefore, it was concluded that the 
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dendrimers of these families did not interact with the proteins (cell receptors) at the cell surface to protect 

them against HIV-1 infection. So, clearly, the G1C or G1S dendrimer mechanism of action is through 

direct binding to the viral nanoparticles and not with the target cells. 

 

 

Figure 36. Dendrimer-cell binding assay. TZM.bl cells were pre-treated with the G1C and G1S dendrimers (10 µM and 25 
µM) for 1 h and washed. After that, cells were infected with (a) R5-HIV-1NLAD8 and (b) X4-HIV-1NL4.3 isolates for 2 h. The 
percentage of infection was determined 48 h post-infection. The data represent the mean ± SD of three independent 
experiments performed in triplicate. Abbreviations: CI = control of infection. 

 

 

3.9. pH effect on dendrimers 

Having in view the application of the G1C or G1S dendrimers as microbicides for woman vaginal 

use, experiments were further conducted to evaluate their stability and biological activity in the acidic 

environment of the vagina and basic pH of semen.379 The effect of pH on the dendrimer anti-HIV-1 activity 

was studied using the G1C and G1S dendrimers, incubated for 1 h at room temperature at different pH 

values (3, 4, 5, 7.4 (pH value of PBS), and 8). After that, TZM.bl cells were pre-treated with these solutions 

for 1 h and infected with R5-HIV-1NLAD8 isolates for 2 h. Results showed that the G1C and G1S dendrimers 

maintained the anti-HIV-1 activity at basic and acid pH values (Figure 37) without significant differences 

when compared to the experiments done in PBS. The G1S dendrimer led to very high inhibition levels of 

HIV-1 activity independently of the tested pH value (around 90% when used at a 25 µM concentration). 

  

 

Figure 37. pH effect on the anti-HIV-1 activity of dendrimers. The G1C and G1S dendrimers were pre-incubated at 37 C 
at different pH values for 1 h. Then, TZM.bl cells were treated with the dendrimer solutions for 1 h and infected with R5-
HIV-1NLAD8 for 2 h. The percentage of infection was measured at 48 h of infection as luciferase activity. The data correspond 
to the mean ± SD of three independent experiments performed in triplicate. 
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3.10. Vaginal irritation assay in BALB/c mice 

The possibility of using the G1C and G1S dendrimers as topical microbicides against HIV-1 

infection was investigated by performing a vaginal irritation assay in BALB/c mice. This histological study 

in BALB/c vaginal tissue showed that when the mice were treated with G1C or with G1S dendrimers, 

after 7 consecutive days of exposure, all mice had a similar level of irritation and inflammation of their 

vaginal epithelium (total score < 4) as that of the non-irritation control (Table 4). The estrous cycle begins 

with sexual maturity and is defined by physiological changes in females that are induced by reproductive 

hormones. The estrous cycle is divided into four stages: proestrus (P, first stage characterized by the 

maturing of the endometrium and the ovarian follicles), estrus (E, second stage designated by receptivity 

to a male and mating), metestrus (M, third stage classified by sexual inactivity and the formation of the 

corpus luteum), and diestrus (D, fourth stage characterized by a functional corpus luteum and an increase 

of progesterone in the blood concentration).380 Even though the all BALB/c mice were at the same age 

(7 weeks) they presented different stages of the estrous cycle, with the majority of the mice in the first 

stage of the estrous cycle, proestrus. Concluding, the G1C or G1S dendrimers did not damage or alter 

the vaginal epithelium, which reveals their safety and potential to be used in vivo.  

 

Table 4. The existence of an injury in the vaginal epithelium was evaluated in each biological sample. 0 (no change) when 
no injury or the observed changes were within the normal range; 1 (minimum) when changes were sparse but exceeded 
those considered normal; 2 (light) when injuries were identifiable but with no severity; 3 (moderate) for a significant injury 
that could increase in severity; 4 (very serious) for severe injuries that occupy most of the analyzed tissue. These values 
were added up and determined the level of vaginal irritation as a minimum of 1-4, average 5-6, moderate 7-9, and severe 
>9+. 

 PBS 
Control N9 

(4.5%) 
G1C (3%) G1S (3%) 

Epithelial lesion 3 0 4 3 2 1 0 0 0 0 0 0 

Inflammatory infiltrate 2 0 2 3 2 3 0 0 1 1 1 1 

Vascular congestion 0 0 0 2 2 1 1 1 0 0 0 0 

Edema/fibrosis 1 0 0 3 0 0 0 0 1 0 1 0 

TOTAL SCORE 6 0 6 11 6 5 1 1 2 1 2 1 

Estrous cycle 

moment 
P P M D D E P E P P P P 

 

 

Many microbicide candidates have failed due to their high toxicity or irritation in vivo. As so, we 

decided to evaluate the possible vaginal irritation and inflammation caused by the G1C and G1S 

dendrimers using BALB/c mice. The experimental results (Figure 38) were very promising, showing that 

repeated intra-vaginal administration of the G1C and G1S dendrimers do not produce vaginal irritation 

and inflammation. Globally, our results are not only similar to those obtained with the previously published 

G2-S16 carbosilane dendrimers also tested in vivo in BALB/c mice, but we were also able to achieve this 

without the use of higher dendrimer generation.197,363  
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Figure 38. Hematoxylin-eosin staining of the vagina sample extracted after 7 days of daily application. A and B, vehicle 

control; C and D, N9 (4,5%); E and F, G1C 3%; and G and H, G1S 3%. 

 

 

4. Conclusions 

New and chemically stable anionic poly(alkylidenamine)-based dendrimers with carboxylate and 

sulfonate terminal groups were prepared, characterized, and tested against HIV-1 infection in vitro. 

Although all dendrimers presented good cytocompatibility independently of their generation (G1 to G3), 

only the ones pertaining to the lower generation (G1C and G1S dendrimers) showed antiviral activity 

against infection by R5-HIV-1NLAD8 and X4-HIV-1NL4.3 isolates in TZM.bl cells. The investigation of the 

possible mechanism of action of these dendrimers against HIV-1 infection revealed that they could 

directly interact with the viruses hampering their entry into the cells. Additionally, the G1C and G1S 

dendrimers preserved their antiviral activity both at acidic and basic pH values with high inhibition of HIV-

1 infection (~90%), as well as long-term chemical stability in aqueous solution at 4ºC. In vivo assays using 

BALB/c mice revealed that the G1C and G1S dendrimers did not cause noticeable irritation or 

inflammation in the vaginal epithelium. So, overall, when included in a gel matrix, the developed 

dendrimers should constitute good systems to be used as a physical barrier at the epithelial surface to 

protect against HIV-1 infection. Importantly, the results obtained with our poly(alkylidenamine) dendrimers 

are not only comparable to the well-studied carbosilane dendrimers, G2-S16, but they were also achieved 

using a distinct chemical structure and lower generation.81,197,363 Also and not less important, our 

poly(alkylidenamine) dendrimers can prevent HIV-1 infection with no combination with other antiviral 

drugs.212 To conclude, the present study supports further in vivo experiments, which, hopefully, will 

validate the use of these types of dendrimers as safe, efficient, and potent topical microbicides. 
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Chapter 3. The behavior of low generation dendrimers coordinated with [Ru(η5-
C5H5)(PPh3)2]+ moieties against HIV-1 infection 

 

 

 

1. Introduction 

Metal complexes have been shown to have several pharmacological applications in medicine as 

metal-based drugs.381 Metal ions have a variety of factors that contribute to their qualities as metallodrugs, 

including the oxidation state, types of geometry, and coordination ligands, which play essential roles in 

the recognition by transport, uptake, and delivery proteins.382 Moreover, metals behave as catalysts in 

several intracellular processes, by interacting with intracellular proteins and enzymes.383  

The research of metal compounds as antivirals remains scarce. For instance, ruthenium 

complexes have been explored as potential candidates in cancer treatment.153,384–386 Metal complexes, 

such as platinum and ruthenium, have been shown to present antiviral activity against tuberculosis.387,388 

Recently, Salam J.J. Titinchi et al. published a review of platinum and ruthenium complexes with 

antimycobacterial and anti-HIV-1 potential activity.389 However, only a few studies with ruthenium 

compounds have been investigated as antivirals and against HIV-1 infection.390–394 Metal complexes or 

compounds containing metals have been shown to interact in the early stages of HIV infection.395  

The combination of nanomaterials with metal complexes can improve their efficacy. 

Metallodendrimers present several advantages since they combine the unique characteristics of both 

dendrimers and metal complexes. However, their potential is lacking investigation. The teams of 

Francisco J. de la Mata and M. Ángeles Muñoz-Fernández have prepared and evaluated the HIV-1 

potential of copper carbosilane dendrimers and anionic PPI metallodendrimers.218,396 

Here we describe and, based on our previous work,364 the preparation of low generation (0 to 2) 

poly(alkylidenamine) dendrimers with nitrile terminal groups and their coordination with [Ru(η5-

C5H5)(PPh3)2]+ moieties. These dendrimers and metallodendrimers were fully characterized by 1H-, 13C- 

and 31P-NMR, MS, FT-IR, and EA techniques. Subsequently, the HIV antiviral activity of the prepared 

metallodendrimers was assessed using the TZM.bl cell line and the two viruses R5-HIV-1 and X4-HIV-1. 

 

 

2. Material and Methods 

2.1. Materials 

All the nitrile terminated dendrimers and the ruthenium-based metallodendrimers were prepared 

according to the strategy developed by our group.364 The amine dendrimers were prepared following the 

method developed by Marie-Christine Daniel et al. through the reduction of the nitrile groups into primary 

amines (Scheme 1, chapter 2) and as described in section A.1.2.369 The metallodendrimers (Scheme 3) 

were prepared through a dry argon atmosphere by Schlenk-tube techniques. Methanol, dry diethyl ether, 
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and dry dichloromethane were degassed before use. Methanol extra-dry was bought from Acros 

Organics. The ruthenium complex [Ru(η5-C5H5)(PPh3)2Cl] (RuCp)397,398 was synthesized based on 

adapted literature methods and as described in the annex section A.1.3. All other reagents were acquired 

from Acros Organics and Fisher Chemical and used as received.  

 

 

 

Scheme 3. Reaction scheme of the preparation of the metallodendrimers. 

 

 

2.2. Synthesis of the nitrile dendrimers 

2.2.1. Synthesis and characterization of G0CN 

1,6-hexanediamine (16.9 g, 145.5 mmol) was dissolved in 60 mL of methanol, and acrylonitrile 

(36.2 mL, 552.9 mmol) was dropped into the previous solution at room temperature. The reaction mixture 

was stirred and warmed up to 48C for 3 h. Acrylonitrile (36.2 mL, 552.9 mmol) was dropped into the 

mixture and the temperature was increased to 80C for 3 h. After 3 h, the heating was stopped and the 

mixture was cooled down. The solvent was removed under reduced pressure, and the resulting oil was 

taken up in chloroform and washed by extraction using distilled water (3 x 15 mL). The chloroform was 

removed under reduced pressure to obtain the final product a golden oil with a 75% yield (35.9 g). 1H-

NMR (400 MHz, CDCl3)  = 2.84 (–CH2CN), 2.54 – 2.45, 1.47, 1.34 ppm. 13C-NMR (100 MHz, CDCl3)  =  

118.82 (–CH2CN), 49.71, 49.06, 27.04, 26.97, 17.12 ppm. FT-IR  = 2247 cm-1 (C≡N). TOF-MS (ESI+): 

m/z = 329.2 [M + H]+. 

 

 

2.2.2. Synthesis and characterization of G1CN 

The G1NH2 dendrimer (5.3 g, 15.4 mmol) was dissolved in 90 mL of methanol, and acrylonitrile 

(7.7 mL, 117.2 mmol) was dropped into the previous solution at room temperature. The reaction mixture 

was stirred and warmed up to 48C for 3 h. Then, acrylonitrile (7.7 mL, 117.2 mmol) was dropped into 

the previous mixture and the temperature was increased to 80C for 3 h. After 3 h, the heating was 

stopped and the mixture was allowed to cool down. The solvent was removed under vacuum and the 

final product was obtained as a golden oil with a 61% yield (7.2 g). 1H-NMR (400 MHz, CDCl3)  = 2.85 

(–CH2CN), 2.66 – 2.46, 1.42, 1.28, 1.25 ppm. 13C-NMR (100 MHz, CDCl3)  =  118.93 (–CH2CN), 54.22, 

52.13, 51.73, 49.79, 27,86, 27.23, 25.22, 17.12 ppm. FT-IR:  = 2248 cm-1 (C≡N). TOF-MS (ESI+): m/z = 

769.6 [M + H]+. 
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2.2.3. Synthesis and characterization of G2CN 

The G2NH2 dendrimer (2.2 g, 2.8 mmol) was dissolved in 60 mL of methanol, and acrylonitrile 

(2.8 mL, 42.7 mmol) was dropped into the previous solution at room temperature. The reaction mixture 

was stirred and warmed up to 48C for 3 h. Acrylonitrile (2.8 mL, 42.7 mmol) was dropped into the mixture 

and the temperature was increased to 80C for 3 h. Then, the heating was stopped and the mixture was 

allowed to cool down. The solvent was removed under reduced pressure and the final product was 

obtained as a golden oil with a yield of 56% (2.6 g). 1H-NMR (400 MHz, CDCl3)  = 2.85 (–CH2CN), 2.57 

– 2.41, 1.59, 1.43, 1.28 ppm. 13C-NMR (100 MHz, CDCl3)  =  118.94 (–CH2CN), 52.41, 51.73, 51.58, 

49.76, 27,97, 27.22, 25.17, 17.11 ppm. FT-IR:  = 2248 cm-1 (C≡N). TOF-MS (ESI+): m/z = 1650.2. 

 

 

2.3. Synthesis of the metallodendrimers 

2.3.1. Synthesis and characterization of G0Ru 

[Ru(η5-C5H5)(PPh3)2Cl] (0.8 g, 1.1 mmol) was added with 75 mL of degassed methanol into a 

Schlenk under argon and stirred for about 30 min. Silver trifluoromethanesulfonate, AgCF3SO3 (0.4 g, 1.4 

mmol) and G0CN (0.08 g, 0.2 mmol) were added to the previous suspension. The solution was stirred in 

the dark and at room temperature (ca. 27C) for 19 h. The suspension mixture was filtered and the solvent 

was removed to obtain a green solid. At this time, the product was quickly extracted with dichloromethane 

(DCM) by filtration to prevent decomposition and was then washed with diethyl ether. After several 

precipitations with DCM/hexane, the final product, the G0Ru metallodendrimer (Scheme 4) was obtained 

as a yellowish solid with a yield of 29% (0.265 g). 1H-NMR (400 MHz, CDCl3)  = 7.50 – 7.00 (PPh3), 4.48 

(–C5H5), 2.65 – 1.17 ppm. 31P-NMR (161 MHz, CDCl3)  =  41.88 (PPh3) ppm. FT-IR:  = 2363 cm-1 (C≡N). 

TOF-MS (ESI+): m/z = 3538.61 [M + (CF3SO3
-)3]+, m/z = 1694.83 [M + (CF3SO3

-)2]2+. EA: G0Ru 

(C186H168F12N6O12P8Ru4S4) + 5 H2O, calc. for %C: 59.14, %H: 4.75, %N: 2.22; found %C: 59.15, %H: 

4.94, %N: 2.56. 

 

 

 

Scheme 4. Reaction scheme of the preparation of the G0Ru metallodendrimer. 
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2.3.2. Synthesis and characterization of G1Ru 

[Ru(η5-C5H5)(PPh3)2Cl] (0.8 g, 1.1 mmol) was added with 80 mL of degassed methanol into a 

Schlenk under argon and stirred for about 30 min. Silver trifluoromethanesulfonate, AgCF3SO3 (0.4 g, 1.5 

mmol) and G1CN (0.1 g, 0.1 mmol) were added to the previous suspension. The solution was stirred in 

the dark at room temperature (ca. 27C) for 25 h. The suspension mixture was filtered and the solvent 

was removed to obtain a green solid. At this time, the product was quickly extracted with dichloromethane 

(DCM) by filtration to prevent decomposition. After several precipitations with DCM/hexane, the final 

product, the G1Ru metallodendrimer (Scheme 5), was obtained as a green olive solid with a yield of 33% 

(0.323 g). 1H-NMR (400 MHz, CDCl3)  = 7.50 – 7.00 (PPh3), 4.47 (–C5H5), 2.35 – 1.25 ppm. 31P-NMR 

(161 MHz, CDCl3)  =  41.56 (PPh3) ppm. FT-IR:  = 2365 cm-1 (C≡N). TOF-MS (ESI+): m/z = 1007.03 [M 

+ 7(CF3SO3
-) – C5H5 – 3(C6H6)]+, m/z = 1011.03 [M + 7(CF3SO3

-) – 3(C6H6)]+, m/z = 1036.04 [M + 

7(CF3SO3
-) – C6H6]+.  

 

 

 

Scheme 5. Reaction scheme of the preparation of the G1Ru metallodendrimer. 

 

 

2.4. Biological assays 

2.4.1. Cell viability assays 

The TZM.bl cells were seeded in 96-well plates at a density of 15 x 103 cells/well. After that, cells 

were treated with the G0CN, G1CN and G2CN nitrile dendrimers, the RuCp complex, and the G0Ru and 

G1Ru metallodendrimers each prepared at a stock concentration of 250 µM in 0.5% DMSO / nuclease-

free water and diluted to a range concentration of 0.01 µM to 25 µM. After 48 h of incubation, the TZM.bl 

cell viability was quantified by the measurement of the metabolic activity of the cells in culture through 

the (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide) (MTT) assay (Sigma-Aldrich). 

Briefly, the cell culture medium was replaced with OPTI-MEM containing MTT (0.5 mg/mL). The formazan 

crystals obtained were dissolved in DMSO, and the absorbance was measured at 570 nm with a 
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reference of 690 nm in a microplate reader (Synergy 2 Multi-Detection Microplate Reader, BioTek 

Instruments, Inc.). 

 

 

2.4.2. Anti-HIV-1 activity of the dendrimers and metallodendrimers 

The TZM.bl cells were seeded in 96-well plates at a cell density of 15 x 103 cells/well for 24 h. 

The next day, the cells were pre-treated with the dendrimers and metallodendrimers at maximum non-

toxic concentrations of each compound for 1 h at 37C. Then, the cells were infected with the R5-HIV-

1NLAD8 or X4-HIV-1NL4.3 isolates (15 ng/106 cells). After 2 h post-infection, the cells were washed twice 

with sterile PBS to remove the unbound viruses and compounds. Luciferase activity was assessed after 

48 h post-infection to quantify the extension of HIV-1 infection (Luciferase Assay System kit, Promega 

Corporation, Fitchburg, WI, USA).  

 

 

3. Results and Discussion 

3.1. Synthesis and characterization of the dendrimers and metallodendrimers 

The G0CN, G1CN, and G2CN nitrile dendrimers were successfully prepared with good yields of 

75%, 61% and 56%, respectively. They were characterized by 1H-NMR and 13C-NMR, FT-IR, MS and 

EA. The 1H-NMR spectrum (Figure 39) of the G0CN dendrimer showed the expected signals of the nitrile 

compound, with signals at 1.33, 1.45, 2.46, 2.83 ppm. In Figure 40, the 13C-NMR spectrum presents the 

characteristic signals of the compound, the signals at 17.04, 26.89, 27.02, 49.03, 49.65 ppm, and the 

characteristic signal around 118 ppm corresponding to the nitrile functional group. To proceed and to 

obtain higher generations of the dendrimers, the nitrile dendrimers were reduced to amine-terminated 

dendrimers. The 1H-NMR and 13C-NMR spectra of the G0NH2 and G1NH2 dendrimers presented the 

expected signals of the compound for the G0NH2 dendrimer (see annex Figure A1 and Figure A2 ) and 

for the G1NH2 dendrimer (see annex Figure A3 and Figure A4). 

 

 

Figure 39. 1H-NMR spectrum of compound G0CN in CDCl3. 
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Figure 40. 13C-NMR spectrum of compound G0CN in CDCl3. 

 

 

The G1CN and G2CN dendrimers displayed the expected proton signals at 1.25, 1.28, 1.42, 2.47, 

2.59, 2.85 ppm and at 1.28, 1.43, 1.59, 2.41, 2.49, 2.85 ppm, respectively (Figure 41 and Figure 43). The 

carbon NMR of the G1CN and G2CN dendrimers (Figure 42 and Figure 44) presented the estimated 

signals of each dendrimer and the characteristic signal of the nitrile around 118 ppm, corresponding to 

the nitrile region on the carbon NMR spectrum.  

 

 

Figure 41. 1H-NMR spectrum of compound G1CN in CDCl3. 
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Figure 42. 13C-NMR spectrum of compound G1CN in CDCl3. 

 

 

 

Figure 43. 1H-NMR spectrum of compound G2CN in CDCl3. 

 

 

 

Figure 44. 13C-NMR spectrum of compound G2CN in CDCl3. 

 

 

The nitrile dendrimers were confirmed by TOF-MS (ESI+) and MALDI analysis. In Figure 45, 

generation 0 of the nitrile terminated dendrimer presents the expected spectrum with a peak at m/z = 
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329.2 [M + H]+. The generation 1 and 2 nitrile dendrimers were also confirmed by MALDI analysis. The 

G1CN dendrimer (annex Figure A21) was obtained with a matrix of α-cyano-4-hydroxycinnamic acid and 

it has a corresponding signal of the dendrimer structure at m/z = 769.6 [M + H]+. The G2CN dendrimer 

presented a peak with low intensity at m/z = 1650.2 (annex Figure A22).  

 

 

Figure 45. TOF-ESI spectrum of the compound G0CN. The sample was prepared with methanol + 0.1% of formic acid 
as an ionizing phase. 

 

 

After preparing the nitrile terminated dendrimers they then served as an anchor to coordinate the 

ruthenium complex ([Ru(5-C5H5)(PPh3)2Cl]) to synthesize the metallodendrimers. The G0Ru and G1Ru 

metallodendrimers were obtained after precipitation with DCM and n-hexane and washing the product 

with n-hexane, with yields of 29% and 33%, respectively. The metallodendrimers were fully characterized 

by 1H-, 13C-, and 31P-NMR, and FT-IR spectroscopies and MS. The elemental analysis (EA) on carbon 

(C), hydrogen (H), and nitrogen (N) of the G0 ruthenium metallodendrimer is presented in Table 5. For 

G0Ru metallodendrimer (C186H168F12N6O12P8Ru4S4), and since it is hygroscopic, the EA showed the 

expected water molecules (5) in its composition, confirming the successful synthesis of the 

metallocompound. 

 

Table 5. Elemental analysis calculated and found percentages of C, H, and N obtained for the G0 ruthenium 
metallodendrimers. 

  C H N 

G0Ru 

Calculated 59.14 4.75 2.22 

Found 59.15 4.94 2.56 
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The NMR characterization of all the metallodendrimers was performed in CDCl3 and using proton 

and phosphorous techniques. The proton NMR spectrum of the G0Ru metallodendrimer displayed the 

expected signals around 7.0 and 7.3 ppm, characteristic of the aromatic protons from the phosphines 

present in the ruthenium complex (Figure 46). The singlet at 4.48 ppm corresponds to the 

cyclopentadienyl from the metallic complex. The signals at 1.17, 1.25 and 2.65 – 2.24 ppm are from the 

dendrimer.  

 

 

Figure 46. 1H-NMR spectrum of the G0Ru metallodendrimer performed in CDCl3. 

 

 

The 31P-NMR spectrum of the G0Ru metallodendrimer showed a singlet at 41.88 ppm 

corresponding to the phosphorous atoms from the phosphines of the ruthenium complex (Figure 47). This 

signal is different from the free RuCp complex, which presents a signal at 38.83 ppm (see annex Figure 

A8). The singlet also reveals that all phosphorus atoms are equivalent, suggesting the successful 

synthesis of generation 0 of the ruthenium metallodendrimer.  

 

 

Figure 47. 31P-NMR spectrum of the G0Ru metallodendrimer performed in CDCl3. 
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The same behavior was also observed with the G1Ru metallodendrimer, with all the expected 

signals of the compound presented. The 1H-NMR spectrum (Figure 48) displayed the signals around 7.0 

and 7.5 ppm that are characteristic of the aromatic protons from the phosphines present in the ruthenium 

complex. The signal at 4.47 ppm corresponds to the cyclopentadienyl from the metallic complex. The 

signals at 1.25, 1.78, and 2.33 – 2.35 are attributed to the dendrimer structure. 

 

 

Figure 48. 1H-NMR spectrum of the G1Ru metallodendrimer performed in CDCl3. 

 

In Figure 49, the 31P-NMR spectrum of the metallodendrimer shows as a singlet at 41.56 ppm 

from the phosphorous from the ruthenium complex. This also suggests that the synthesis of the ruthenium 

metallodendrimer was successfully accomplished.  

 

 

Figure 49. 31P-NMR spectrum of the G1Ru metallodendrimer performed in CDCl3. 
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The G0Ru and G1Ru metallodendrimers were characterized by FT-IR using KBr pellets, and the 

nitrile dendrimers (G0CN, G1CN, and G2CN) were characterized using NaCl cells. As can be seen in 

Figure A23 (see annex), a shift to higher wavelengths is noticed in the G0Ru metallodendrimer, from 

2247 cm-1 to 2363 cm-1, of the nitrile band correspondent to the C≡N stretch, confirming the successful 

coordination of the RuCp complex to the nitrile dendrimer (G0CN). The FT-IR spectrum of the G1Ru 

metallodendrimer (see annex Figure A24) is also shifted to higher wavelengths of the nitrile band C≡N 

stretch in the G1Ru metallodendrimer, from 2248 cm-1 to 2363 cm-1. This data confirms the coordination 

of both nitrile dendrimers with the RuCp complex.  

 

The formation of generation 0 to 2 ruthenium metallodendrimers were also confirmed by the ESI+ 

TOF-MS technique. The G0Ru metallodendrimer has a corresponding signal of the metallodendrimer 

product with 2 triflate counterions in the structure at m/z = 1694.83 [M + 2(CF3SO3
-)]2+ (see annex Figure 

A25) and with 3 triflate counterions at a lower portion at m/z = 3538.61 [M + 3(CF3SO3
-)]+ (Figure 50). 

The G1Ru metallodendrimer presented a peak with ruthenium at m/z = 1007.03 [M + 7(CF3SO3
-) – C5H5 

– 3(C6H6)]+ and at m/z = 1011.03 [M + 7(CF3SO3
-) – 3(C6H6)]+ (annex Figure A26). In annex Figure A27 

a peak of the G1Ru metallodendrimer with ruthenium is also visible at m/z = 1036.04 [M + 7(CF3SO3
-) – 

C6H6]+. 

 

 

Figure 50. Mass spectrum of G0Ru metallodendrimer. 

 

 

3.2. Cell viability assay 

The generation 0 to 2 nitrile dendrimers (G0CN, G1CN, and G2CN), the cyclopentadienyl 

ruthenium complex [Ru(η5-C5H5)(PPh3)2Cl] (RuCp), and the generation 0 and 1 ruthenium 

metallodendrimers (G0Ru and G1Ru) were assessed on the TZM.bl cell line for their cytotoxicity using 

the MTT assay (Figure 51). TZM.bl cells were treated for 48 h with a range of concentrations between 
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0.01 to 25 µM of each compound. 0.5% DMSO (vehicle control) and 10% DMSO (v/v) were used as 

negative and positive controls, respectively. Compounds were considered to be non-toxic when cell 

survival was superior to 80% compared to the negative control. The cell viability of the nitrile dendrimers 

G0CN and G1CN presented to be non-toxic at all the tested concentrations. The G2CN dendrimer was 

nontoxic up to 10 µM. The RuCp complex presented toxicity at 1 µM, as did the G0Ru and G1Ru 

metallodendrimers. The effect of the G2CN dendrimer on cell viability was performed to determine the 

acceptable concentrations to use in the anti-HIV-1 infection assay and to evaluate their antiviral potential 

towards HIV-1 infection. 

 

 

Figure 51. Viability of TZM.bl cells upon exposure to different compounds: nitrile dendrimers, RuCp complex, and G0 and 
G1 ruthenium metallodendrimers. TZM.bl cells were subjected for 48 h to nitrile dendrimers (G0CN, G1CN, G2CN), [Ru(η5-
C5H5)(PPh3)2Cl] (RuCp), and metallodendrimers (G0Ru and G1Ru) within a concentration range of 0.01 µM to 25 µM. 
Negative (CNT, 0.5%DMSO, vehicle control) and positive controls (DMSO at 10% v/v) are indicated. Data are represented 
as mean ± SD of three independent experiments performed in triplicate.  

 

 

3.3. Anti-HIV-1 activity of the nitrile dendrimers and metallodendrimers 

The anti-HIV-1 activity was evaluated using TZM.bl cells. The ability of other dendrimers to 

prevent HIV-1 infection was also assessed. For the nitrile dendrimers, the nontoxic concentrations tested 

were 0.1 µM (G0CN), G1CN (10 µM), and 1 and 5 µM (G2CN). The RuCp complex was used at 0.1 µM, 

and for G0Ru and G1Ru were also used at 0.1 µM. The anti-HIV-1 activity results obtained for the nitrile 

dendrimers, the RuCp complex and the G0Ru and, G1Ru metallodendrimers for the R5-HIV-1NLAD8 isolate 

showed that these compounds were unable to inhibit this HIV-1 strain (Figure 52a). The same happened 

with the X4-HIV-1NL4.3 isolate (Figure 52b), where the compounds did not present any anti-HIV-1 activity. 

This can be justified due to the affinity of the gp120 V3 loop of HIV-1 that has a positive global charge.399 

As a result, compounds negatively charged compounds interact more efficiently with HIV-1 than those 

with neutral or positive charge.400,401 Consequently, this may be the reason why the nitrile dendrimers, 
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neither the neutral ruthenium organometallic moiety RuCp or the cationic metallodendrimers (G0Ru, and 

G1Ru) were unable to prevent HIV-1 infection.  

 

 

Figure 52. HIV-1 inhibition assays. TZM.bl cells were treated with G0CN (0.1 µM); G1CN (10 µM); G2CN (5 µM); RuCp 
(0.1 µM); G0Ru and G1Ru (0.1 µM) dendrimers for 1 h and then infected with (a) R5-HIV-1NLAD8 or (b) X4-HIV-1NL4.3 isolates 
for 2 h. Luciferase activity was measured after 48 h of infection. CI is the control of infection. The data represent the mean 
± SD of three independent experiments performed in triplicate.  

 

 

4. Conclusions 

We prepared low generation dendrimers from 0 to 2 with nitrile terminal groups (G0CN, G1CN, 

and G2CN), a ruthenium complex [Ru(η5-C5H5)(PPh3)2Cl] (RuCp), and generation 0 and 1 of ruthenium 

metallodendrimers (G0Ru and G1Ru). All these compounds were characterized by NMR, MS, FT-IR, and 

EA techniques, and their cytocompatibility and capacity as potential antivirals towards HIV-1 infection 

were assessed. The generation 0 and 1 nitrile terminated dendrimers presented to be non-toxic at the 

tested concentrations, and the G2CN dendrimer was biocompatible up to 10 µM. For the 

metallocompounds, the RuCp complex, and the G0Ru and G1Ru metallodendrimers, they presented to 

be toxic from 1 µM up to 25 µM. As such, the selected concentrations to proceed to the anti-HIV-1 assays 

were chosen from the nontoxic concentrations of each compound. The results showed that neither the 

nitrile dendrimers nor the metallocompounds presented any anti-HIV-1 activity towards the two HIV-1 

strains, R5-HIV-1NLAD8, and X4-HIV-1NL4.3. As it is known, compounds with negative charges interact with 

HIV-1 with more affinity than those with neutral or positive charges. Indeed, our neutral charged 

poly(alkylidenamine)-based dendrimers with nitrile terminal groups and the cationic metallodendrimers 

functionalized with the ruthenium moiety [Ru(η5-C5H5)(PPh3)2Cl] will not be able to interact with the gp120 

V3 loop, and thus, will not prevent HIV-1 infection. To ensure the possibility of these cationic 

metallodendrimers to present some anti-HIV-1 activity, a modification of the system may be necessary to 

make them more attractive to interact with HIV-1. 
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Chapter 4. Ruthenium-based Metallodendrimers as Promising Anticancer Drugs 

 

 

 

1. Introduction 

Metal-based compounds are being explored as a result of their extraordinary outcomes as 

anticancer drugs due to their diversity and characteristics.402,403 More precisely, ruthenium complexes are 

emerging as promising substitutes to platinum compounds due to their anticancer and antimetastatic 

properties.273,289,404–406 Ruthenium-based drugs present significant advantages. Such as different 

oxidation states (II, III, IV) and the fact that the reduction to ruthenium (II) can occur because of the low 

pH in the interior of cancer cells, which can affect the cytotoxicity.273,402,407,408 Ruthenium compounds 

present less toxicity than platinum compounds and can mimic the behavior of iron in living cells.85,407,408 

In addition to this behavior, ruthenium can bind to plasma proteins and can consequently be transported 

by proteins such as transferrin to tumor cells and internalized by endocytosis instead of iron.317,409 NAMI-

A was the first ruthenium compound to enter clinical trials, followed by two more ruthenium compounds, 

KP1019 and KP1339 (Chapter 1, Figure 16).273,410 However, NAMI-A and KP1019 failed because of 

severe side effects and poor solubility.273  

Nevertheless, several ruthenium complexes have been investigated as potential new 

metallodrugs.314,317,411–413 One of the ruthenium complexes that displays promising results against several 

cancer cell lines is ruthenium(II)-cyclopentadienyl tested in vitro by our group in a set of cancer cell 

lines.314 The ruthenium(II)-cyclopentadienyl complex presented IC50 values significantly inferior to 

cisplatin with high cytotoxicity in numerous tumors.289,414 In 1969, G. Wilkinson and coworkers have 

discovered a ruthenium bis-phosphine complex, [Ru(5-C5H5)(PPh3)2Cl], as a side product when reacting 

[RuCl2(PPh3)3] with cyclopentadiene.415 Later in 1971, F. G. A. Stone and collaborators confirmed this 

ruthenium-cyclopentadienyl complex synthesis, presenting its characterization and reactivity.416 And, in 

1977, M. Bruce in the Australian Journal of Chemistry presented the preparation of several 

cyclopentadienyl ruthenium tertiary phosphine halide complexes with high-yield, including the synthesis 

of RuCp followed by us in this work.398 

Nanotechnology has advanced exponentially in the last decades to discover new materials for 

the diagnosis and treatment of several diseases, including cancer. Nanomaterials such as dendrimers 

present desirable and attractive characteristics for the biomedical field.166,417 As stated before, dendrimers 

are globular macromolecules, monodispersed and can be easily conjugated with targeting molecules, 

amino acids, ligands, among others due to the functional groups on their surface,.166,417,418 On the other 

hand, metallodendrimers are nanomaterials that combine metal complexes into the dendrimer structure. 

The combination of metal complexes with dendrimers can improve the therapeutic advantages of these 

new nanomaterials for diagnosis and therapy.419 Indeed, it can also improve the solubility, 

biocompatibility, and reproducible pharmacokinetics of the metal complexes.139 Among all the 

advantages due to the size, metallodendrimers can be explored because of the “enhanced permeability 



 

100 

 

and retention (EPR) effect” which consists of the preferential accumulation of macromolecules at the 

tumor site compared to normal tissues.365,420  

Based on our previous works,314,364 we have prepared a second-generation poly(alkylidenamine)-

based metallodendrimer with the [Ru(5-C5H5)(PPh3)2]+ moieties. The G2Ru metallodendrimer was 

characterized by 1H-, 13C- and 31P-NMR, mass spectrometry (MS), FT-IR, and UV-Vis techniques. 

Stability studies were as well performed using 1H- and 31P-NMR, at three different temperatures (4, 25, 

and 37C) to evaluate the stability of these metallodendrimers in solution. After that, the dendrimers and 

metallodendrimers were tested against several cancer cell lines to evaluate their anticancer efficacy. The 

hemolytic assay was also evaluated using healthy human blood. Additionally, the induction of apoptosis, 

cell cycle analysis (which cell cycle phase the metallocomponds are arrested), the accumulation of 

reactive oxygen species (ROS, production of reactive chemical species), and the JC-1 assay to evaluate 

the mitochondrial membrane potential, were also performed with the prepared metallodendrimers using 

flow cytometry. 

 

 

2. Material and Methods 

2.1. Materials 

The nitrile terminated reactions were prepared according to the strategy developed by our group 

and described in the previous chapter.364 The G2Ru metallodendrimer was prepared through a dry argon 

atmosphere by Schlenk-tube techniques. Methanol, dry diethyl ether, and dry dichloromethane were 

degassed before use. Methanol extra-dry was bought from Acros Organics. Hydrogen peroxide 30% wt 

solution (H2O2) was obtained from Chem-Lab. Calf thymus DNA (CT-DNA) was bought from Sigma-

Aldrich. 4' 6-diamidino-2-phenyindole dilactate (DAPI) was purchased from Sigma-Aldrich. The Annexin 

V Apoptosis Detection Kit eFluor™ 450 was obtained from Thermofisher Scientific. The CellROX® Green 

Reagent was bought from Thermofisher Scientific. The JC-1 Mitochondrial Membrane Potential Detection 

Kit was purchased by Biotium. All other reagents were acquired from Acros Organics and Fisher Chemical 

and were used as received. 

 

 

2.2. Synthesis of the metallodendrimers 

 The generation 0 to 2 ruthenium metallodendrimers were prepared following a methodology 

previously reported by our group.364 The synthesis and characterization of the generation 0 and 1 

ruthenium metallodendrimers (G0Ru and G1Ru, Figure 53) are described and discussed in the previous 

chapter (chapter 3). 

 

 



 
Ruthenium-based metallodendrimers as promising anticancer drugs 

 

101 

 

2.2.1. Synthesis and characterization of G2Ru 

[Ru(5-C5H5)(PPh3)2Cl] (0.7 g, 1.0 mmol) was added with 70 mL of degassed methanol into a 

Schlenk under argon and stirred for about 30 min. Silver trifluoromethanesulfonate, AgCF3SO3 (0.3 g, 1.4 

mmol) and G2CN (0.1 g, 0.06 mmol) were added to the previous suspension. The solution was stirred in 

the dark at room temperature (ca. 27C) for 25 h. The suspension mixture was filtered and the solvent 

was removed under vacuum to obtain a green solid. The product was then quickly extracted with 

dichloromethane (DCM) by filtration to prevent decomposition. After several precipitations with 

DCM/hexane and several washes with hexane, the final G2Ru product (Figure 53) was obtained by 

removing the solvent under vacuum and a green olive solid with a yield of 26% (0.235 g). 1H-NMR (400 

MHz, CDCl3)  = 7.50 – 7.00 (PPh3), 4.44 (–C5H5), 2.35 – 1.25 ppm. 31P-NMR (161 MHz, CDCl3)  =  

41.63 (PPh3) ppm. FT-IR:  = 2370 cm-1 (C≡N). TOF-MS (ESI+): m/z = 1007.02 [M + 7(CF3SO3
-) – 

8(RuCp) – 5(C5H5) – 10(C6H6) + H]+ and at m/z = 1009.03 [M + 7(CF3SO3
-) – 8(RuCp) – 4(C5H5) – 2(C6H6) 

+ 2(PPh3)]+. 

 

 

Figure 53. Schematic representation of the ruthenium metallodendrimers (G0Ru – G2Ru). 

 

 

2.3. Stability studies 

Stability studies with generations 0 to 2 of the ruthenium metallodendrimer were carried out using 

the 1H- and 31P- NMR techniques. A concentration of 0.015 mg/µL was prepared for the ruthenium 

metallodendrimers in DMSO-d6. The NMR tubes were incubated at 25C and 37C and all studies were 

done at 25C and 37C (probe temperature) to obtain the 1H- and 31P-NMR spectra. The spectra were 

acquired at different periods. Stability studies of the G0Ru metallodendrimer at a low temperature was 

also performed using 31P-NMR. The G0Ru metallodendrimer was prepared at a 0.011 mg/µL 
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concentration in CDCl3. All studies were carried out at 4C (probe temperature). The probe was cooled 

down using a liquid nitrogen circulator to maintain the desired temperature. 

 

 

2.4. Biological assays 

2.4.1. Cell viability assays 

The dendrimers coordinated with the ruthenium complex were evaluated against several cancer 

cell lines (A2780, A2780cisR, CAL-72, MCF-7, Caco-2, U-87 MG) and a non-cancer cell line (hMSCs). 

Cells were seeded in 96-well plates at a density of 5 x 103 cells/well with respective culture media for 

each cell line, supplemented with 10% FBS and 1% antibiotic-antimycotic for 24 h, incubated at 37°C and 

5% CO2. Subsequently, cells were treated with the metallodendrimers, G0Ru, G1Ru, and G2Ru and the 

nitrile terminated dendrimers, G0CN, G1CN, and G2CN. Cisplatin (cisPt) and ruthenium complex (RuCp) 

were used as controls at a range concentration of 0.01 µM to 10 µM (prepared in a solution of 5% DMSO). 

After 72 h of incubation, cell viability was quantified by the measurement of the metabolic activity of the 

cells in culture through the MTT assay. Briefly, the cell culture medium was replaced with a cell culture 

medium containing MTT (0.5 mg/mL). The formazan crystals obtained were dissolved in DMSO and the 

absorbance was measured using a microplate reader. 

 

 

2.4.2. DNA binding studies 

All DNA binding experiments were performed at ambient temperature (~23 C). The interaction 

of the G0Ru, G1Ru, and G2Ru metallodendrimers and RuCp complex with calf thymus DNA (CT-DNA) 

were evaluated by UV−Vis spectroscopy (200−800 nm). To perform the DNA interaction studies, a 

calibration curve was initially done for the metallodendrimers and the RuCp complex, and the 

determination of the CT-DNA concentration was calculated at 260 nm using a Molar extinction coefficient 

of 6600 M-1cm-1.293 The UV-Vis spectra were obtained using 3 µM of the G0Ru and G1Ru 

metallodendrimers, 1.5 µM of the G2Ru metallodendrimer and 6 µM of the RuCp complex. Increasing 

concentrations of CT-DNA (0 and 50 µM) were added to the previous solutions. All the ruthenium-based 

compound solutions were firstly prepared in 5% DMSO in ultrapure water (Milli-Q) and then diluted in 5 

mM Tris−HCl, 50 mM NaCl and pH 7.4 buffer. Subsequently, all DNA-metallocompound solutions were 

incubated at room temperature for 5 min before UV-Vis spectroscopy measurement. Buffer containing 

the same amounts of DNA were used as reference blanks. The binding constant (𝐾𝑏) values for each 

metallocompound were determined by the following equations:421,422 

𝜀𝑎 − 𝜀𝑓

𝜀𝑏 − 𝜀𝑓
=

𝑏 − √𝑏2 − 
2𝐾𝑏

2𝐶𝑡 [𝐷𝑁𝐴]
𝑠

2𝐾𝑏𝐶𝑡
 

 

𝑏 = 1 + 𝐾𝑏𝐶𝑡 + 
𝐾𝑏[𝐷𝑁𝐴]

2𝑠
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where [𝐷𝑁𝐴] is the DNA concentration in base pairs; 𝜀𝑎, 𝜀𝑓 and 𝜀𝑏 are the apparent, free, and bound 

metallocompound Molar extinction coefficients, respectively; 𝑠 is the binding site size in base pairs; and 

𝐶𝑡 is the total ruthenium compound concentration. 

 

 

2.4.3. Hematotoxicty 

Healthy human blood was obtained from Hospital Dr. Nélio Mendonça, in Funchal, Madeira. 

Briefly, the hematotoxicity assay was performed as follows: 10% of blood solution in phosphate buffer 

solution (PBS, Mg2+/Ca2+ free) was prepared. Afterwards, a 10 µL volume of blood solution was added 

to the microtubes. Then, 70 µL of each metallocompound (G0Ru, G1Ru, G2Ru, RuCp, and cisPt) at four 

different concentrations (0.1, 0.5, 1 and 5 µM) was added to each tube. The solvent control (0.5% DMSO), 

distilled water and PBS were used for positive and negative controls, respectively. The microtubes were 

incubated at 37 C for 3 h. Then, the tubes were centrifuged at 3800 rpm for 10 min. A 40 µL volume of 

each supernatant was transferred to a 96-well plate, and 160 µL of reagent C was added to each well. 

The absorbance was measured at 550 nm using a microplate reader. 

 

 

2.4.4. Apoptosis induction by Annexin V staining  

Apoptosis was assessed by the Annexin V Apoptosis Detection Kit eFluor™ 450. MCF-7 cells 

were cultured and seeded at a cell density of 8 x 105 cells per well in a 6-well plate and incubated at 37°C 

for 24 h. The culture medium was removed and replaced with fresh medium containing the IC50 

concentration of each metallocompound (G2Ru, RuCp and cisPt) or 0.5% (v/v) DMSO as a control 

vehicle. After 72 h, the cells were trypsinized, and washed with PBS and then washed once with 1x 

Binding Buffer before staining with fluorochrome-conjugated Annexin V. After incubating for 15 min at 

room temperature, the cells were washed and resuspended with 1x Binding Buffer and then the 7-

Aminoactinomycin D (7-AAD) viability staining solution was added to the cell suspension. Cells were 

analyzed and quantified by flow cytometry at 405 nm excitation and 450 nm emission for Annexin V and 

488 nm excitation and 647 nm emission for 7-AAD. 

 

 

2.4.5. Cell cycle assessment 

MCF-7 cells were cultured in RPMI medium supplemented with 10% fetal bovine serum (FBS) 

and 1% antibiotic-antimycotic (AA). Cells were seeded into 6-well plates at a cell density of 8 x 105 cells 

per well and incubated for 24 h. The medium was removed and replaced with fresh medium containing 

the metallocompounds (G2Ru, RuCp, and cisPt) at their IC50 concentration or 0.5% (v/v) DMSO (vehicle 

control). After 72 h incubation, the cells were trypsinized and washed with PBS before fixation with cold 

70% ethanol which was added dropwise while vortexing. Cells were allowed to fix for 30 min at 4°C. After 
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incubation, the cells were washed twice with PBS and centrifuged at 850 g to obtain the cell pellet. The 

cells were then treated with 100 μg/mL of RNase. Afterwards, 4' 6-diamidino-2-phenyindole (DAPI, 50 

μg/mL) was added to label the DNA. Flow cytometry was used to assess the DNA content (DAPI: 358 

nm excitation and 461 nm emission). 

 

 

2.4.6. Analysis of Reactive oxygen species (ROS) accumulation 

To evaluate the accumulation of mitochondrially produced by intracellular ROS, MCF-7 cells were 

plated at a density of 5 x 105 cells per well into 6-well plates. After 24 h, the medium was removed and 

replaced with a fresh medium containing the metallocompounds (G2Ru, RuCp and cisPt) at their IC50 

concentration or 0.5% (v/v) DMSO (vehicle, control). Hydrogen peroxide 30% wt solution (H2O2, 50 μM) 

was used as a positive control and ascorbic acid (4 mM) as a negative control. After 72 h, the medium 

was removed and a fresh medium containing 5 μM of CellROX® Green Reagent was added and incubated 

for 30 min at 37°C. Cells were washed with PBS, collected and centrifuged at 850 g to get the cell pellet. 

The production of ROS was analyzed by flow cytometry at 485 nm excitation and 520 nm emission. 

 

 

2.4.7. Mitochondrial membrane potential  

MCF-7 cells were seeded in a 6-well plate with a density of 8 x 105 cells/well for 24 h. Then, the 

medium was removed and replaced with a fresh medium. The metallocompounds (G2Ru, RuCp and 

cisPt) at three different concentrations and 0.5% (v/v) DMSO (vehicle, control) were added. After 72 h, 

cells were detached with trypsin, centrifuged at 850 g and labeled with the mitochondrial membrane 

potential probe, JC-1 (1x, Biotium), for 15 min at 37°C. Then, cells were washed with PBS followed by 

centrifugation. The loss of mitochondrial membrane potential was examined by flow cytometry (Ex/Em: 

510/527 nm for green monomeric dye and 585/590 nm for red aggregated dye). 

 

 

3. Results and Discussion 

3.1. Synthesis and characterization of the G2 ruthenium metallodendrimer 

The G2Ru metallodendrimer was prepared following the previous work done by our group314,364 

in low yield (26%). As can be seen in Figure 54, the 1H-NMR spectrum of the G2Ru metallodendrimer 

presented the characteristic signals of the compound. The signals around 7.0 and 7.5 ppm are 

characteristic of the aromatic protons from phosphines present in the ruthenium complex. The singlet at 

4.44 ppm corresponds to the cyclopentadienyl protons from the metallic complex. 
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Figure 54. 1H-NMR spectrum of the G2Ru metallodendrimer performed in CDCl3. 

 

 

In Figure 55, the 31P-NMR spectrum of the metallodendrimer shows a singlet at 41.63 ppm from 

the phosphorous nucleus from the ruthenium complex. This indicates that the successful synthesis of the 

G2 ruthenium metallodendrimer was accomplished. The NMR phosphorous signal in all three 

metallodendrimers presents a singlet around 41 ppm, suggesting the equivalence of phosphorus atoms 

in the phosphine ligand, which appears, in this deuterated solvent at 38.83 ppm in the free RuCp complex. 

 

 

Figure 55. 31P-NMR spectrum of the G2Ru metallodendrimer performed in CDCl3. 

    

 

All the metallodendrimers were characterized by FT-IR using KBr pellets, while the nitrile 

dendrimers were characterized using NaCl cells. The FT-IR spectra of the G2Ru metallodendrimers (see 

annex Figure A28) shifted the nitrile band C≡N stretch to higher wavelengths from 2248 cm-1 to 2370 cm-

1. This confirms the coordination of the RuCp complex to both nitrile dendrimers. The FT-IR spectra of 

the G0Ru and G1Ru metallodendrimers were previously discussed in the chapter 3. 
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The generation 0 to 2 ruthenium metallodendrimers were confirmed by the ESI+ TOF-MS 

technique. The G2Ru metallodendrimer showed peaks with ruthenium at m/z = 1007.02 [M + 7(CF3SO3
-

) – 8(RuCp) – 5(C5H5) – 10(C6H6) + H]+ and at m/z = 1009.03 [M + 7(CF3SO3
-) – 8(RuCp) – 4(C5H5) – 

2(C6H6) + 2(PPh3)]+ (see annex Figure A29).  

 

The UV-Vis studies were performed to identify any evidence of the metal-ligand interaction as 

charge transfer bands concerning the delocalization of the electronic density between the ligand and the 

metal center. The absorption spectra were done using two solvents with different polarities, namely 

methanol (MeOH, polarity index: 5.1) and dichloromethane (DCM, polarity index: 3.1).423 The UV-Vis 

spectra of the RuCp complex performed in MeOH presented a bathochromic effect, with a 40 nm shift 

from 207 nm to 247 nm for the RuCp complex in DCM (Figure 56). This redshift can be attributed to the 

n → π* transitions of the polar solvent displacement. The molar extinction coefficient (ε) is barely 

influenced by the solvent, with ε for MeOH an DCM corresponding to 2x104 to 3x104 M-1cm-1, respectively. 

 

 

Figure 56. UV-Vis spectra of RuCp complex at 1x10-4 M: a) in MeOH and b) DCM. 

 

 

For the ruthenium metallodendrimers, the UV-Vis spectra were performed in MeOH and in DCM 

as shown in Figure 57. The metallodendrimers presented a bathochromic effect with redshift n → π* 

transitions of 24 nm (G0Ru) and 27 nm (G1Ru) for MeOH and DCM, respectively. This trend was not 

observed in the case of the G2Ru metallodendrimer, where a slight difference of 2 nm was detected and 

was thus difficult to assign as a blue shift (i.e., hypsochromic effect). As expected, forbidden d-d 

transitions were also observed in the metallodendrimers dissolved in MeOH and DCM. These transitions 

can be observed for G0Ru at 354 nm (MeOH) and 352 nm (DCM), G1Ru at 348 nm (MeOH) and 346 nm 

(DCM) and for G2Ru at 346 nm (MeOH) and 349 nm (DCM), as can be seen in Figure 57a and Figure 

57b, respectively. A bathochromic effect was observed with no significant shifts of 5, 4 and 2 nm for 

G0Ru, G1Ru and G2Ru, when comparing the two solvents. The molar extinction coefficient is barely 

affected by the solvent for the G0Ru metallodendrimer (1 x 104 M-1cm-1 in both solvents) and the G2Ru 

metallodendrimer (6 x 104 and 5 x 104 M-1cm-1 for MeOH and DCM). In the case of the G1Ru 
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metallodendrimer, the molar extinction coefficient is 4 x 103 M-1cm-1 for MeOH and 3 x 104 M-1cm-1 for 

DCM. 

 

 

Figure 57. UV-Vis spectra of the ruthenium metallodendrimers (G0Ru, G1Ru, and G2Ru): a) 5 x 10-6 M in MeOH and b) 
2.5 x 10-6 M in DCM. 
 

 

3.2. Stability studies  

The stability studies were carried out by the 1H- and 31P-NMR technique. The three 

metallodendrimers were dissolved in DMSO-d6 at a concentration of 0.015 mg/µL, and the studies were 

first performed at 25C and 37C.  

As can be seen in Figure 58 and Figure 59, the G0Ru metallodendrimer at 25C presented new 

signals after 15 min, probably from the cyclopentadienyl (1H-NMR) and the phosphines (31P-NMR) from 

the free RuCp. These new signals increased with time indicating that the G0Ru metallodendrimer 

released the RuCp moiety in 48 hours.  
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Figure 58. 1H-NMR spectra of generation 0 of the ruthenium metallodendrimer. Stability studies were performed in DMSO-

d6 (probe temperature: 25C) and the dendrimer solutions were kept at 25C for a long time. † = proton signal from the 
cyclopentadienyl of the metallodendrimer, * = proton signal from the cyclopentadienyl of the RuCp complex. 

 

 

 

Figure 59. 31P-NMR spectra of generation 0 of the ruthenium metallodendrimer. Stability studies were performed in DMSO-

d6 (probe temperature: 25C) and the dendrimer solutions were kept at 25C for a long time. † = phosphorous signal from 

the phosphines of the metallodendrimer, * = phosphorous signal from the phosphines of the RuCp complex. 
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Similar behavior was also observed when the stability studies were performed at 37C (Figure 60 

and Figure 61). The release of the ruthenium complex occured after 15 min, with the presence of a new 

signal from the aromatic protons of the cyclopentadienyl (1H-NMR) and the phosphorus nucleus from the 

phosphines (31P-NMR). After 48 h the ruthenium complex was almost released from the dendrimer. When 

comparing the stability studies performed at 25C and 37C, the release of the ruthenium complex from 

the dendrimer starts immediately at 37C. In the meantime, this process was slower at 25C, occurring 

after 15 min but becoming more evident after 1h45. We can conclude that for the G0Ru metallodendrimer, 

a controlled release of the RuCp complex is achieved at 25ºC after 48 h. 

 

 

Figure 60. 1H-NMR spectra of generation 0 of the ruthenium metallodendrimer. Stability studies were performed in DMSO-

d6 (probe temperature: 37C) and the dendrimer solutions were kept at 37C for a long time. † = proton signal from the 
cyclopentadienyl of the metallodendrimer, * = proton signal from the cyclopentadienyl of the RuCp complex. 
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Figure 61. 31P-NMR spectra of generation 0 of the ruthenium metallodendrimer. Stability studies were performed in DMSO-

d6 (probe temperature: 37C) and the dendrimer solutions were kept at 37C for a long time. † = phosphorous signal from 
the phosphines of the metallodendrimer, * = phosphorous signal from the phosphines of the RuCp complex. 

 

 

The stability studies of the G1Ru and G2Ru metallodendrimers were also investigated. The 1H-

NMR and the 31P-NMR (see annex, Figure A30 and Figure A31) of the G1Ru metallodendrimer at 25C 

presented new signals of the cyclopentadienyl and the phosphines, respectively. The stability studies at 

37C of the G1Ru metallodendrimer (see annex, Figure A32 and Figure A33) presented an evident 

release of the ruthenium complex. This is supported by the presence of new signals from the aromatic 

protons from the cyclopentadienyl (1H-NMR) and the phosphorus nucleus from the phosphines (31P-

NMR), suggesting the release of the RuCp complex from the metallodendrimer with time. 

The stability studies performed at 25C presented a slower release of the ruthenium complex from 

the G2 metallodendrimer, as represented in Figure A34 and Figure A35 (see annex). When compared 

with the stability experiments done at 37C (see annex, Figure A36 and Figure A37), the release of the 

ruthenium complex from the dendrimer started right after it was placed in solution. Taking together both 

stability studies performed at 25C and 37C, and as observed for G0Ru, the release of the ruthenium 

complex was, as expected, faster at 37ºC than at 25C. 

 

The stability of the G0Ru metallodendrimer in solution at a low temperature was also conducted 

using 31P-NMR. Briefly, a concentration of 0.011 mg/µL of the G0Ru metallodendrimer was prepared in 

CDCl3 and the NMR probe was cooled down using liquid nitrogen. Since DMSO presents a freezing point 

at 19C and the experiments could not be carried out at a low temperature (4C) as planned, chloroform 

was used instead. As can be seen in Figure 62, the G0Ru metallodendrimer maintained its stability for 



 
Ruthenium-based metallodendrimers as promising anticancer drugs 

 

111 

 

80 min (1h20min) at 4C. A single signal of the phosphines in the phosphorus NMR spectra shows that 

this metallodendrimer does not release the RuCp complex for at least 1h20min in solution. This suggests 

that G0Ru keeps its structural integrity with time at lower temperatures. These preliminary results show 

that probably the metallodendrimer solution can be stored in refrigerated conditions without 

decomposition before their application.  

 

 

Figure 62. 31P-NMR spectra of the G0Ru metallodendrimer. Stability studies were performed in CDCl3 (probe temperature: 

4C). † = phosphorous signal from the phosphines of the metallodendrimer. 

 

 

3.3. Cell viability assays 

The metallodendrimers were tested against six cancer cell lines to assess their anticancer 

potential. The in vitro cytotoxicity of the G0Ru, G1Ru and G2Ru metallodendrimers were evaluated on 

the following cancer cell lines: A2780 (human ovarian carcinoma), A2780cisR (human ovarian carcinoma 

resistant to cisplatin), CAL-72 (human osteosarcoma), MCF-7 (human breast adenocarcinoma), Caco-2 

(human colon adenocarcinoma), U-87 MG (human brain glioblastoma) and a non-cancer cell line 

(hMSCs) using the MTT assay. Cells were treated for 72 h with the metallodendrimers before the MTT 

assay. The results show that the metallodendrimers present anticancer activity at the low micro- to 

nanomolar concentration range (Table 6). The IC50 values confirm that the metallodendrimers are less 

toxic in the studied non-cancerogenic cell line presenting IC50 values higher than the one showed in the 
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cancer lines. The ruthenium metallodendrimers have shown excellent anticancer efficacy and generation 

dependence in these cancer cell lines. Increasing the metal centers per dendrimer also enhanced their 

toxicity. Cisplatin, which was used as a control, presented higher IC50 values in all cell lines tested when 

compared to the ruthenium-metallodendrimers. The metallocompounds showed to be less toxic in then 

non-cancer cell line, the hMSC, indicating that they present some selectivity towards cancer cell lines. 

The G2Ru metallodendrimer proved to be several times more efficient than cisplatin, with it being 4-fold 

(A2780), 4-fold (Caco-2), 9-fold (MCF-7), 11-fold (CAL-72), 18-fold (U-87MG), and 46-fold (A2780cisR) 

more cytotoxic than the well-known metallodrug. Our RuCp complex and metallodendrimers present 

lower IC50 values in the A2780 and MCF-7 tumor cells than other cyclopentadienyl Ru(II) 

compounds.276,277 

 

Table 6. IC50 values of the metallodendrimers against A2780, A2780cisR, CAL-72, U-87MG, Caco-2, and MCF-7 cancer 
cell lines and hMSCs as a non-cancer cell line. Data are represented as mean ± SD of at least three independent 

experiments performed in triplicate. 

Compound Ma A2780 

(IC50, µM) 

A2780cisR 

(IC50, µM) 

CAL-72 

(IC50, µM) 

U-87MG 

(IC50, µM) 

Caco-2 

(IC50, µM) 

MCF-7 

(IC50, µM) 

hMSC 

(IC50, µM) 

cisplatin 1 0.26 ± 0.09 3.41 ± 0.7 1.19 ± 0.45 1.45 ± 0.8 0.37 ± 0.06 0.76 ± 0.16 >10 

RuCp 1 0.46 ± 0.18 0.66 ± 0.13 0.61 ± 0.28 0.47 ± 0.16 0.59 ± 0.06 0.37 ± 0.03 3.89 ± 0.3 

G0Ru 4 0.30 ± 0.03 0.26 ± 0.08 0.39 ± 0.06 0.36 ± 0.02 0.37 ± 0.04 0.33 ± 0.02 0.83 ± 0.07 

G1Ru 8 0.15 ± 0.08 0.23 ± 0.07 0.30 ± 0.1 0.18 ± 0.04 0.26 ± 0.05 0.23 ± 0.05 0.83 ± 0.04 

G2Ru 16 0.07 ± 0.01 0.07 ± 0.00 0.11± 0.05 0.08 ± 0.02 0.08 ± 0.01 0.09 ± 0.01 0.39 ± 0.3 

a Metal centers  

 

 

3.4. DNA binding studies 

The interaction of the metallocompounds with DNA in the presence of different concentrations of 

CT-DNA was assessed by UV-Vis spectroscopy (see Figure 63). These ruthenium metallocompounds 

presented a hyperchromic effect, with a slight blue shift. When a hyperchromic effect is noticed, a non-

covalent mode of binding to DNA by electrostatic binding occurs and indicates changes in the DNA 

conformation and structure.424 The DNA binding constant (𝐾𝑏) and the binding site size (𝑠) were obtained 

by observing the changes in the absorbance of each metallocompound in the presence of DNA. The 

RuCp complex presented a 𝐾𝑏 of 3.5 (± 0.02) x 1013 M-1 and 𝑠 = 2.3 ± 0.0. The coordination of the RuCp 

complex to the dendrimer increases the 𝐾𝑏 and 𝑠 values as follows: 𝐾𝑏 = 1.1 (± 0.1) x 1014 M-1 and 𝑠 =

 4.7 ± 0.0 for G0Ru; 𝐾𝑏 = 2.7 (± 0.1) x 1014 M-1 and 𝑠 = 4.7 ± 0.0 for G1Ru; and 𝐾𝑏 = 2.1 (± 0.6) x 1014 M-

1 and 𝑠 = 9.4 ± 0.0 for G2Ru. These 𝐾𝑏 values show a strong binding affinity of the metallodendrimers 

with DNA when compared to what is found in literature for cisplatin (𝐾𝑏 =  5.7 (± 0.45) x 104 M-1).425 The 
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increase of the binding site size of these metallodendrimers reveals a concentration-dependent effect, 

with a higher concentration indicating asmaller binding site size. The binding strength by which these 

metallocompounds interact with DNA shows that these compounds strongly bind to DNA. This 

hyperchromic effect by the external contact of the CT-DNA with ruthenium (II) complexes indicates the 

mode of intercalation by electrostatic binding.426,427 The ΔG energy of the prepared metallocompounds is 

shown in Table 7. The calculated ΔG energy values of the metallodendrimers and the RuCp complex 

indicate that the interaction of DNA with the metallocompounds each occur as an exothermic reaction 

with a favorable binding between both molecules. 

 

 

Figure 63. UV spectra of (a) RuCp complex, (b) G0Ru metallodendrimer, (c) G1Ru metallodendrimer and (d) G2Ru 
metallodendrimer in the absence and presence of increasing concentrations of CT-DNA. Solutions of the RuCp (6 µM), 
G0Ru (3 µM), G1Ru (3 µM) and G2Ru (1.5 µM) were incubated for 5 min at room temperature in 5 mM Tris-HCl buffer with 
50 mM NaCl, pH 7.4. The arrows indicate the increasing absorbance with increasing concentration of CT-DNA. 

 

 

Table 7. DNA binding constant (Kb), binding size site (s), and ΔG energy of the metallodendrimers and the RuCp complex. 

Data are represented as mean ± SD of two independent experiments. 

Compound 𝑲𝒃 (M-1) 𝒔 𝚫𝑮 (kJ mol-1) 

RuCp 3.5 (± 0.02) x 1013 2.3 ± 0.00 -0.75 ± 0.00 

G0Ru 1.1 (± 0.1) x 1014 4.7 ± 2.8 x 10-3 -0.79 ± 0.002 

G1Ru 2.7 (± 0.1) x 1014 4.7 ± 5.5 x 10-5 -0.81 ± 0.001 

G2Ru 2.1 (± 0.6) x 1014 9.4 ± 2.2 x 10-4 -0.80 ± 0.01 
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3.5. Hematotoxicity 

Hemolysis is used to quantify the membrane disruption of red blood cells by measuring the 

release of hemoglobin.428 Taking into consideration the cytotoxicity results in the tested cancer cell lines, 

all metallodendrimers were analyzed and their potential safety in the presence of human blood was 

verified, more specifically their toxicity towards red blood cells. As controls were used, water (positive 

control), PBS (negative control), and 0.5% DMSO (solvent control) for the metallodendrimer and RuCp. 

After 3 h incubation at 37C, the metallodendrimers at the higher concentrations presented hemolysis. 

As can be seen in Figure 64, the G0Ru metallodendrimer presented less or similar toxicity at 0.1 µM (3.3 

± 0.9%) and 0.5 µM (3.8 ± 1.0%) when compared to cisplatin (cisPt) (3.6 ± 1.0% at both concentrations). 

The G0Ru and G1Ru metallodendrimers showed to be less than 5% toxic and safe up until 1 µM and 0.5 

µM, respectively. In the case of the G2Ru metallodendrimer, no toxicity up to 0.5 µM was displayed. In 

general, all the metallodendrimers presented no toxicity at 0.1 µM, which is in agreement with the IC50 

values of these metallocompounds. Our metallodendrimers are quite compatible with red blood cells and 

are safe at a nanomolar range. It is noteworthy that the hemolysis is related to the generation and 

concentration of the ruthenium-metallodendrimers.317  

 

Figure 64. Hematotoxicity of RuCp, cisPt, and the prepared metallodendrimers. Healthy human blood was treated for 3 h 
with a concentration range of 0.1 µM to 5 µM of cisPt, RuCp and the metallodendrimers (G0Ru, G1Ru, and G2Ru). C+ is 
the positive control, C- is the negative control, and C. Sol. is the solvent control (0.5% DMSO). Data are represented as 

mean ± SD of at least three independent experiments performed in quadruplicate. 

 

 

3.6. Apoptosis induction 

Metal complexes have an important role in cell death. They bind to specific residues implicated 

in enzyme catalysis, which will change the cellular processes leading to cell death (apoptosis).409 

Chemotherapeutic drugs must provoke apoptotic stimuli in tumor cells, with this ability to induce apoptosis 

being a key factor in establishing drug efficacy.429 The Annexin V eFluor kit is commonly used to study 

apoptosis induction. Phosphatidylserine (PS), which is mainly found in the inner plasma membrane, will 
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be detected by the Annexin V fluorescent label when it loses its asymmetric distribution and is in the 

exterior of the membrane.294 To perform this experiment, MCF-7 cells were treated with the IC50 

concentration of the metallocompounds for 72 h. According to the cytotoxicity studies and the results 

obtained for the MCF-7 cell line, the G2Ru metallodendrimer, RuCp and cisPt were examined for their 

capacity to induce apoptosis through double staining with Annexin V eFluor 450 and quantification by 

flow cytometry. To perform the assay, the IC50 concentration of each compound was used. The results 

presented in Figure 65 of the induced apoptosis show that G2Ru had 41.0 ± 1.8% of necrosis and 9.7 ± 

2.4% of late-stage apoptosis. The controls, and the RuCp complex presented 33.7 ± 3.0% and 8.3 ± 2.3% 

and cisPt showed 42.1 ± 3.0% and 8.8 ± 1.5% of necrosis and late-stage apoptosis, respectively. These 

results indicate the existence of apoptotic cells characterized by the presence of PS on the outer 

membrane of the cells 294. Our metallocompounds thus induced cells necrosis, which goes against what 

is normally found for ruthenium(II) complexes that induce apoptosis.275,292,293 

 

 

Figure 65. a) Evaluation and quantification of apoptosis and necrosis in MCF-7 cells by flow cytometry with annexin V/7-
AAD. Cells were exposed to 0.5% DMSO (vehicle, control) and the IC50 of each metallocompound (G2Ru, RuCp and cisPt) 
for 72 h. Viable cells (Annexin V−/7AAD−), early apoptotic cells (Annexesin V+/7AAD-), late apoptotic cells (Annexesin 
V+/7AAD+) and necrotic cells (Annexin V-/7AAD+) were detected. b) Percentage of apoptosis in MCF-7 cells exposed to 
the metallocompounds. Data are expressed as mean ± SD of one experiment performed in triplicate. 

 

 

3.7. Cell cycle analysis 

Normal cell goes through the cell cycle in a regulated mannerbut cancer cells go through the 

same process with the cell dividing uncontrollably. Cell division has the purpose of replicating DNA to 

guarantee that the genetic material is replicated and evenly spread into two daughter cells.281 To verify 

at which stage the metallocompounds were acting in the cell cycle, an assay was performed. The MCF-

7 cells were treated with the IC50 concentration of each metallocompound for 72 h and analyzed by flow 

cytometry using DAPI labeling. As can be seen in Figure 66, the G2Ru metallodendrimer has an effect 

on cell cycle progression, more precisely in the G0/G1 phase, with 75% when compared to the control 

(60%) and to the other metallodrugs, RuCp (31%) and cisPt (60%). Since cell cycle arrest occurs in the 

G0 phase, the influence of the G2Ru metallodendrimer seems to  inhibit cell growth affecting the 



 

116 

 

metabolic changes for normal cell division, as such, the G2Ru metallodendrimer presented a cytostatic 

effect in the MCF-7 cell line, which is in line with the results achieved by de la Mata.430 Interestingly, the 

RuCp complex has an impact on the S phase responsible for DNA synthesis, with 48% of the cells in this 

phase. The other ruthenium polypyridyl complexes on the other hand were shown to act at the G0/G1 

phase.283,285,431 

 

 

Figure 66. Percentage of MCF-7 cells in each phase of the cell cycle – G1/G0, S and G2 phases and analyzed by flow 
cytometry. Cells were exposed to a 0.5% (v/v) DMSO solution (vehicle control) or to the IC50 of each metallocompound for 
72 h. Data are expressed as mean ± SD of one experiment performed in triplicate. 

 

 

3.8. Reactive oxygen species (ROS) production 

Transition metals, including Ru, accumulate in the mitochondria producing ROS. This 

characteristic causes free radicals in cancer cells and inactivates antioxidant proteins such as glutathione 

in an acidic microenvironment.404 Cancer cells usually present high levels of ROS attributed to the 

mitochondrial DNA mutation as characteristic of genetic instability.285 Metal complexes have been known 

for their capacity to induce high levels of oxidative stress and thus lead to cell death.293,409 The growth-

inhibitory effect is due to the increase and production of intracellular ROS, which has a significant role in 

the induction of apoptosis.429,431 Therefore, MCF-7 cells were incubated with the IC50 concentration of 

each metallocompound for 72 h. Subsequently, cells were incubated with the CellROX® dye for 30 min 

before their quantification by flow cytometry. In Figure 67, the G2Ru metallodendrimer was able to induce 

intracellular ROS, as did cisPt and RuCp, which interestingly, contrasts with what is found in literature 

about ruthenium (II) complexes, such as Ru(cymene), Ru(arene) and Ru(polypyridyl), that induce low 

levels of ROS.293,412,432 
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Figure 67. Reactive oxygen species (ROS) in the MCF-7 cell line were determined by flow cytometry. Cells were exposed 
to 0.5% (v/v) DMSO (vehicle control), hydrogen peroxide (H2O2, 50 μM, positive control), ascorbic acid (4 mM, negative 
control) and the metallocompounds, G2Ru, RuCp and cisPt at their IC50 concentration for 72 h. The data are represented 
as mean ± SD of one experiment performed in triplicate. 

 

 

3.9. Mitochondrial membrane potential  

The mitochondria have a relevant function associated with the intrinsic pathway of apoptosis, 

more particularly with the disruption and constant dissipation of the internal mitochondrial transmembrane 

potential (m).431,433,434 JC-1 (5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbocyanine iodide) 

is a lipophilic cationic dye that detects the loss of the mitochondrial membrane potential through the 

interaction with the negative charge of the mitochondria internal membrane and the subsequent 

accumulation in the matrix.435 This assay evaluates mitochondrial dysfunction by quantifying the changes 

in the m, through the formation of J aggregates shown by red fluorescence (590 nm) with high 

polarization (high m). When the mitochondria are depolarized (low m), the dye monomers are 

presented as green fluorescence (527 nm).433,436 Therefore, different concentrations of the 

metallocompounds were added to MCF-7 cells for 72 h. Thereafter, cells were incubated with JC-1 and 

analyzed by flow cytometry to determine the R values. 

Figure 68 shows the emission intensity of the red/green ratio (R) of JC-1, where a decrease in 

the ratio suggests a mitochondrial depolarization. From these results it is possible to conclude that the 

G2Ru metallodendrimer induced mitochondrial depolarization with an increasing concentration, 

suggesting that cell death happens by the intrinsic pathway of apoptosis.437 On the other hand, RuCp 

and cisPt presented high polarization with increasing concentrations of both metallocompounds. The 

changes of R (R) were determined and compared by using the following equation (R = [(R1µM – 

Rcontrol)/Rcontrol] x 100%) at 1 µM concentration between the metallocompounds.437 The G2Ru 

metallodendrimer presented a R of -67%, followed by cisPt with -18% and RuCp with 0.02%. 

Furthermore, the change of R (R) of the G2Ru metallodendrimer showed that at a 1 µM concentration 

a superior m depolarization of the mitochondria occurred (-67%) relative to cisplatin -18%. 
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Figure 68. Ratio (R values) from the JC-1 assay using MCF-7 cells after 72 h incubation. Cells were exposed to a 0.5% 
(v/v) DMSO solution (vehicle control) or different concentrations of each metallocompound. Concentration for each 
compound: G2Ru metallodendrimer (0. 04 µM (<IC50), 0.09 µM (IC50), and 0.5 µM (>IC50)), for RuCp (0.2 µM (<IC50), 0.4 
µM (IC50), and 0.8 µM (>IC50)), and cisPt (0.6 µM (<IC50), 0.8 µM (IC50), and 1 µM (>IC50)). Data are expressed as mean ± 

SD of one experiment performed in triplicate. 

 

 

4. Conclusion 

Three different generations of the poly(alkylidenamine)-based metallodendrimers were 

successfully functionalized with the [Ru(η5-C5H5)(PPh3)2]+ moiety and characterized. These ruthenium 

metallodendrimers were evaluated against six cancer cell lines and a non-tumorigenic cell line. The 

stability studies performed at two different temperatures showed that the RuCp moiety had a slower 

release from the nitrile dendrimer at 25C. Experiments at 4C revealed that these metallodendrimers 

were stable at low temperatures, suggesting that they can be stored at low temperatures before use. All 

three metallodendrimers presented excellent anticancer efficacy when compared to the well-known 

metallodrug cisplatin. The prepared metallocompounds were effective against a cisplatin-resistant cell 

line presenting 46-fold more toxicity than cisplatin, suggesting them as being a trustworthy alternative to 

drug-resistant tumors. A generation dependency in the cytotoxicity was observed, with the higher 

generations being more effective. The DNA binding studies revealed that our metallodendrimers binded 

to DNA non-covalently by electrostatic interactions. Also, our metallodendrimers presented a strong 

interaction with DNA when compared to other ruthenium (II) complexes and cisPt. The hemolysis assay 

using human blood demonstrated that our metallodendrimers present low toxicity towards red blood cells. 

The G2Ru metallodendrimer showed better IC50 values than RuCp and cisPt and it was selected to 

continue with other biological assays such as the ability to induce apoptosis, cell cycle analysis, ROS 

production and mitochondrial membrane potential. The results showed that the G2Ru metallodendrimer 

induced necrosis in a superior percentage, followed by late-apoptosis, contrary to what was found in the 

literature for the ruthenium(II) complexes.275,293 The cell cycle experiment revealed that our G2Ru 
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metallodendrimer presented a cytostatic effect through the inhibition of cell growth, acting in the G0/G1 

phase of the cell cycle. This metallodendrimer was able to induce ROS accumulation and also induce 

mitochondria depolarization, suggesting that cell death happens by the intrinsic pathway of apoptosis. In 

summary, the current work endorses additional experiments, such as in vivo studies that will confirm the 

use of these metallodendrimers as an anticancer drug alternative to cisplatin. 
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Chapter 5. Novel poly(alkylidenamine) dendrimers functionalized with cisplatin as 
anticancer prodrugs 

 

 

 

1. Introduction 

Since its approval by the FDA at the end of 1978,250 cisplatin (cis-diamminedichloroplatinum(II)) 

and its analogs are currently the most widely used chemotherapeutic compounds to treat testicular, 

ovarian and non-small cell lung cancer.249 Currently, these chemotherapeutics find application in a wide 

number of solid tumors such as head and neck, gastric, non-small cell lung, gallbladder, testicular, 

ovarian, breast and urinary bladder cancers.251,252,438 However, cisplatin presents acute side effects such 

as toxicity, immunosuppression, and gastrointestinal disorders.252,253,256,438,439 These considerable side 

effects are mainly due to the mechanism of resistance by cancer cells.251,253,438 Three key mechanisms 

can lead to this acquired resistance: increased drug degradation and deactivation, reduced the uptake of 

the drug and enhanced the DNA repair of the damaged cell.439 To overcome this drug resistance, cisplatin 

is used in combination therapy with other chemotherapeutic drugs, such as doxorubicin, 5-Fluorouracil, 

paclitaxel and gemcitabine.247,440–442 The mechanism of action of cisplatin is caused by the lower chloride 

concentration of the intracellular environment  relative to the extracellular environment, forming highly 

reactive species such as aquated cisplatin.256,443,444 The reactivity and activation of cisplatin inside cells 

has been believed to happen by hydrolysis, which precedes toxicity.443 Cisplatin can form coordinated 

intra- and inter-strand crosslinks with the guanine bases of DNA but only in the aquated form since it is 

more reactive, which is advantageous to cancer cells that cannot repair the DNA.253,255,265,444 Due to its 

strong electrophilic ability, aquated cisplatin can interact with any nucleophile such as nitrogen donor 

atoms in the DNA residues,265 resulting in the inhibition of transcription and causing apoptosis.445 

Nanotechnology has explored approaches to deliver drugs and to avoid all the drawbacks 

associated with their toxicity. A great example is nanomaterials that have been used as transporters of 

molecules to overcome the drug limitations and improve their delivery and efficacy.164,235,446,447 

Dendrimers are exciting materials with unique properties to be used as drug delivery systems for 

biomedical applications, mainly due to their low polydispersity and particular architectures.235,448 

Nevertheless, dendrimers can present some undesirable toxicity associated with their physical and 

chemical properties.448 Therefore, the functional terminal groups of dendrimers can improve their 

solubility and biocompatibility. The functionalization of dendrimers with platinum compounds showed that 

they improved the efficacy of the metallodrug transporting it into the cell.448–450 

In this study, we present the synthesis of low generation anionic poly(alkylidenamine) dendrimers 

based on our previous work.198,364 These generation 1 and 2 anionic dendrimers with carboxylate and 

sulfonate terminal groups were then functionalized with cisplatin. The prepared dendrimers and 

metallodendrimers were fully characterized by 1H-, 13C- and 195Pt-NMR, MS and FT-IR techniques. 
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Thereafter, these dendrimers and metallodendrimers were tested against two cancer cell lines (MCF-7 

and A2780) to evaluate their anticancer efficacy.  

 

 

2. Materials and Methods 

2.1. Materials 

All reagents were used as received unless otherwise described. Sodium vinyl sulfonate was 

obtained from TCI. Methyl acrylate was obtained from Acros Organics. Sodium hydroxide was acquired 

from Fisher Scientific. Methanol was purchased from Fisher Chemical. Cisplatin was obtained from Acros 

Organics. Dialysis membranes (MWCO 100-500 Da, 500-1000 Da, and 3500 Da) were bought from 

SpectrumLabs. 

 

 

2.2. Cisplatin aquation 

The cisplatin aquation process was developed by using a published method by Nial J. Wheate.450  

Cisplatin (0.3 g; 0.8 mmol) was dissolved in 100 mL of ultrapure water. Silver nitrate (0.3 g; 1,7 mmol; 2 

mol equiv.) in 6.5 mL of ultrapure water was added to the previous solution, protected from light, and 

stirred for 24 h. The resultant silver chloride (AgCl) precipitate was removed by centrifugation (1h30 at 

15000 rpm) and by filtration through a 0.2 m nylon filter. The final product was obtained after 

lyophilization (Scheme 6). 

 

 

 

Scheme 6. Schematic representation of the synthesis of aquated cisplatin. 

 

 

2.3. Synthesis of the platinum metallodendrimers 

The carboxylate and sulfonate dendrimers were prepared according to the work published by our 

group.198 Briefly, the nitrile poly(alkylidenamine) dendrimers were prepared as reported by us.364 Then, 

the amine-terminated dendrimers were synthesized through the reduction of the nitrile groups into primary 

amines by the procedure developed by Marie-Christine Daniel et al.369 The carboxylate and sulfonate 

dendrimers were acquired through Michael's addition reactions, following the method described by 

Francisco J. de la Mata et al.366 The cisplatin metallodendrimers (Scheme 7) were prepared by adapting 

the method followed by Nial J. Wheate et al.450 
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Scheme 7. Representation of the poly(alkylidenamine) metallodendrimers synthesis: a) preparation of the cisplatin 

carboxylate dendrimers; b) preparation of the cisplatin sulfonate dendrimers.  

 

 

2.3.1. Synthesis and characterization of G1CPt metallodendrimer 

Aquated cisplatin (0.1 g; 0.4 mmol) was dissolved in 100 mL of ultrapure water. Then, the G1C 

carboxylate dendrimer (0.1 g; 0.09 mmol) in 2 mL of ultrapure water was added to the previous solution. 

The reaction continued for 24 h, protected from light. The product was purified by dialysis (membrane 

MWCO 1 kDa) for 1 day, giving a dark brown solid after lyophilization with a 32% yield (0.054 g). 1H-NMR 

(400 MHz, D2O)  = 3.36, 3.21, 2.63 (–CH2CO2Pt(NH3)2), 1.98, 1.71, 1.41 ppm. 13C-NMR (100 MHz, D2O) 

 = 177.29 (–CH2CO2Pt(NH3)2), 56.92, 52.30, 50.27, 49.27, 30.09, 24.74, 22.77, 16.30 ppm. 195Pt-NMR 

(86 MHz, D2O)  =  -2121.21 ppm. FT-IR:  = 2947 cm-1 (O-H). TOF-MS (ESI-): m/z = 1019.46 [M – 

Pt(NH3)2 + H2O]. 

 

 

2.3.2. Synthesis and characterization of G2CPt metallodendrimer 

Aquated cisplatin (0.2 g; 0.9 mmol) was dissolved in 100 mL of ultrapure water. Afterwards, the 

G2C carboxylate dendrimer (0.3 g; 0.11 mmol) was added in 2 mL of ultrapure water and stirred for 24 h 

in the dark. The final product was purified by dialysis (membrane MWCO 3.5 kDa) for 1 day. The G2CPt 

metallodendrimer (Figure 69) was lyophilized and obtained as a dark brown solid with a yield of 15% 

(0.063 g). 1H-NMR (400 MHz, D2O)  = 3.36, 3.21, 2.63 (–CH2CO2Pt(NH3)2), 1.98, 1.71, 1.41 ppm. 13C-

NMR (100 MHz, D2O)  = 177.23 (–CH2CO2Pt(NH3)2), 52.18, 50.30, 49.43, 43.94, 30.14, 25.23, 22.66, 

19.74 ppm. 195Pt-NMR (86 MHz, D2O)  =  -2123.96 ppm. FT-IR:  = 2959 cm-1 (O-H), 1726 cm-1 (C=O). 

TOF-MS (ESI-): m/z = 2160.35 [M – (Pt(NH3)2)6 – C8H12NO4 + H]. 
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Figure 69. Schematic representation of the bidentate generation 2 platinum metallodendrimers (G2CPt and G2SPt) with 
8 cisplatin molecules in each dendrimer. 

 

 

2.3.3. Synthesis and characterization of G1SPt metallodendrimer 

Aquated cisplatin (0.1 g; 0.5 mmol) was dissolved in 100 mL of ultrapure water. To this solution, 

the G1S sulfonate dendrimer (0.2 g; 0.11 mmol) in 2 mL of ultrapure water was added and the reaction 

continued for 24 h in the dark. After this, the product was purified by dialysis (membrane MWCO 2 kDa) 

for 1 day. A brown sticky solid was obtained after lyophilization with a 62% yield (0.144 g). 1H-NMR (400 

MHz, D2O)  = 3.48, 3.30, 3.21 (–CH2SO3Pt(NH3)2), 3.05, 2.72, 2.02 – 1.47 ppm. 13C-NMR (100 MHz, 

D2O)  = 57.16, 52.35, 49.87 (–CH2SO3Pt(NH3)2), 48.75, 45.14, 35.70, 24.72, 21.63, 20.08 ppm. 195Pt-

NMR (86 MHz, D2O)  =  -2046.20 ppm. FT-IR:  = 1196 cm-1 (S=O), 1041 cm-1 (S=O). TOF-MS (ESI-): 

m/z = m/z = 1938.93 [M – Pt(NH3)2 – 2H]. 

 

 

2.3.4. Synthesis and characterization of G2SPt metallodendrimer 

Aquated cisplatin (0.2 g; 0.6 mmol) was dissolved in 100 mL of ultrapure water. The G2S sulfonate 

dendrimer (0.2 g; 0.07 mmol) in 2 mL of ultrapure water was added to the previous solution and stirred 

for 24 h, protected from light. The product was purified by dialysis (membrane MWCO 3.5 kDa) for 1 day. 

The product was obtained with a yield of 39% (0.119 g) as a brown sticky solid after lyophilization (Figure 

69). 1H-NMR (400 MHz, D2O)  = 3.48, 3.30, 3.21 (–CH2SO3Pt(NH3)2), 3.05, 2.72, 2.02 – 1.47 ppm. 13C-

NMR (100 MHz, D2O)  = 52.36, 49.73, 47.59, 46.26 (–CH2SO3Pt(NH3)2), 42.71, 25.03, 22.89 ppm. 195Pt-

NMR (86 MHz, D2O)  =  -2273.67 ppm. FT-IR:  = 1195 cm-1 (S=O), 1044 cm-1 (S=O). TOF-MS (ESI-): 

m/z = 1916.95 [M – C40H96N23O24Pt4S8 – Pt(NH3)2 + H]. 
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2.4. Biological assays 

2.4.1. Cell viability assays 

The anticancer activity of the platinum-dendrimers was assessed against two cancer cell lines 

A2780 (human ovarian carcinoma) and MCF-7 (human breast adenocarcinoma) using the MTT assay. 

Cells were cultured in 96-well plates at a density of 5 x 103 cells/well with RPMI medium supplemented 

with 10% FBS and 1% antibiotic-antimycotic for 24h, incubated at 37°C and 5% CO2. Later, the cells were 

treated with the platinum metallodendrimers, G1CPt, G2CPt, G1SPt and G2SPt, the anionic terminated 

dendrimers, G1C, G2C, G1S and G2S, and as well as cisPt (positive control), at a range concentration 

of 0.01 µM to 10 µM. After 72 h of incubation, cell viability was quantified by the analysis of the metabolic 

activity of the cells in culture by the MTT assay. In brief, the cell culture medium was substituted with cell 

culture medium containing MTT (0.5 mg/mL). Then, the medium with MTT was removed and the 

formazan crystals were dissolved in DMSO. The absorbance at 550 nm was measured using a microplate 

reader. 

 

 

3. Results and discussion 

3.1. Synthesis and characterization of the platinum metallodendrimers 

In the preparation of the platinum metallodendrimers, the aquation of cisplatin was necessary to 

activate the part of the drug molecule for dendrimer complexation.450 Therefore, the bis-aquated cisplatin 

was first prepared by reaction of cisplatin with silver nitrate that worked as a chloride abstractor. After 

that, the two generations (G1 and G2) of the poly(alkylidenamine) dendrimer were coordinated to the 

aquated cisplatin through a bidentate form with two different terminal groups, namely carboxylate and 

sulfonate.  

Their synthesis was obtained with low to reasonable yields of 32% (G1CPt), 15% (G2CPt), 62% 

(G1SPt), and 39% (G2SPt). All platinum metallodendrimers were fully characterized by NMR and FT-IR 

spectroscopies and mass spectrometry (MS). The metallodendrimers were characterized by the 1H-, 13C- 

and 195Pt-NMR techniques. Potassium tetrachloroplatinate(II) was used as an external reference for the 

Pt nucleus experiments. For the other NMR experiments (1H), the signal of the deuterated solvent (D2O) 

was used as an internal reference. As can be seen, Figure 70, shows the expected 1H-NMR spectrum of 

the G1CPt metallodendrimer. The characteristic signals of the metallocompound core are present at 1.46, 

1.75 and 3.22 ppm. At 2.25 ppm in the amine region of the NMR spectrum, the characteristic signal 

corresponding to the amines of the cisplatin moiety can be seen. The multiplet at 2.65 – 2.67 ppm 

corresponds to the protons near the carboxylic acid.  
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Figure 70. 1H-NMR spectrum of generation 1 of the carboxylate platinum metallodendrimer (G1CPt) performed in D2O. 

 

 

The 13C-NMR spectrum of the G1CPt metallodendrimer presents the characteristic spectrum of 

the compound (Figure 71). At 22.72, 24.86 and 52.53 ppm are the signals of the dendrimer core. The 

carbon located next to the carboxylic acid is represented at 29.97 ppm. At 177.34 ppm it is possible to 

observe the signal of the carboxylic acid, slightly shifted downfield when compared with the carboxylic 

acid of the pristine carboxylate dendrimer (180 ppm). Therefore, it can be concluded that the coordination 

of the carboxylate dendrimer and cisplatin was successfully obtained. 

 

 

Figure 71. 13C-NMR spectrum of generation 1 of the carboxylate platinum metallodendrimer (G1CPt) performed in D2O. 

 

 

The 195Pt-NMR spectrum of the G1CPt metallodendrimer can be seen in Figure 72. The 

coordination of cisplatin to the carboxylate dendrimer in a bidentate form was accomplished, with the 

signal at -2121.21 ppm. The signal intensity is low due to the sensitivity of the NMR equipment to this 

nucleus as other studies can confirm.451 This signal is characteristic of the bidentate form, which confirms 

that the synthesis was successfully achieved with the coordination of 4 cisplatin molecules to generation 

1 of the carboxylate dendrimer.  
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Figure 72. 195Pt-NMR spectrum of generation 1 of the carboxylate platinum metallodendrimer (G1CPt) performed in D2O 
with K2PtCl4 as an external reference. 

 

 

Generation 2 of the carboxylate metallodendrimer (G2CPt) presented the expected signals using 

NMR techniques. In Figure 73, the most prominent signals of the dendrimer core are presented at 1.44 

and 1.74 ppm. The protons near the carboxylic acid can be observed at 2.66 ppm.  

 

 

Figure 73. 1H-NMR spectrum of generation 2 of the carboxylate platinum metallodendrimer (G2CPt) done in D2O. 

 

 

The 13C-NMR spectrum of the G2CPt metallodendrimer displayed the typical signals of the 

compound (Figure 74). At 177.34 ppm is the carbon of the carboxylic acid bonded to the platinum center, 

which shifted from 178.68 ppm of the carboxylic acid from the carboxylate dendrimer (see annex Figure 

A10). A slight shift is also observed in the carbon placed next to the carboxylic acid from 31.68 to 29.97 

ppm in the G2CPt metallodendrimer.  
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Figure 74. 13C-NMR spectrum of generation 2 of the carboxylate platinum metallodendrimer (G2CPt) performed in D2O. 

 

 

The mode of functionalization of cisplatin to generation 2 of the carboxylate dendrimer was 

confirmed by the 195Pt-NMR technique (Figure 75). The expected signal at -2123.96 ppm suggests that 

the synthesis was accomplished with 8 cisplatin moieties in a bidentate form located at the surface of 

generation 2 of the carboxylate dendrimer.  

 

 

Figure 75. 195Pt-NMR spectrum of generation 2 of the carboxylate platinum metallodendrimer (G2CPt) done in D2O with 
K2PtCl4 as an external reference. 

 

 

The G1 and G2 sulfonate dendrimers were also prepared and characterized. The expected 1H-

NMR spectrum of generation 1 of the sulfonate metallodendrimer presented the expected signals for the 

compound (see annex Figure A38). The dendrimer core signals are presented at 1.48 and 1.78 ppm. The 

signal of the amines present in the cisplatin moiety can be seen at 2.18 ppm. As for the 13C-NMR spectrum 

of the G1SPt metallodendrimer, the expected signals of the compound were observed. The dendrimer 

core signals can be found at 20.08, 22.83, and 57.16 ppm. Other relevant signals can be observed at 
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45.14, 48.75, 49.87 and 52.35 ppm (see annex Figure A39). The 195Pt-NMR spectrum of the G1SPt 

metallodendrimer suggests that the synthesis was accomplished in a bidentate form (see annex Figure 

A40). The signal at -2046.20 ppm confirms that the sulfonate dendrimer was successfully coordinated 

with cisplatin. 

Generation 2 of the sulfonate platinum metallodendrimer presented the characteristic signals of 

the proton NMR spectrum (see annex Figure A41). The signals at 1.48 and 1.77 ppm can be attributed 

to the dendrimer core, while those at 1.96 – 2.03 ppm can be seen as the signal of the amines present in 

the cisplatin moiety. The G2SPt metallodendrimer was also characterized by 13C-NMR and presented 

the expected signals of the compound (see annex Figure A42). The 195Pt-NMR spectrum of the G2SPt 

metallodendrimer exhibited a signal at -2273.67 ppm which suggests the coordination of the sulfonate 

dendrimer with bis-aquated cisplatin (Figure A43).  

Taken together, the NMR results for the carboxylate platinum metallodendrimers revealed a slight 

shift towards the downfield of 3 ppm (G1C) and 1 ppm (G2C) in the carboxylic region of the carbon NMR 

in both generations with cisplatin complexed in the bidentate form to the bare dendrimers. For the 

sulfonate platinum metallodendrimers, no significant changes were observed in the proton and carbon 

NMR. Globally, the results show that the carboxylate and sulfonate dendrimers were fully functionalized 

with cisplatin in the bidentate form. 

For further characterization, FT-IR analysis of the platinum metallodendrimers was performed 

using KBr pellets. Figure 76 shows the comparison of both spectra of the G1C and the G1CPt 

compounds. The characteristic bands of these compounds showed no relative difference of the O-H 

stretch band at 2946 (G1C dendrimer) and 2947 cm-1 (G1CPt metallodendrimer), indicating the 

coordination of the dendrimers to cisplatin. The G2CPt FT-IR spectrum also presented a slight shift of the 

O-H stretch to 2959 cm-1 from 2954 cm-1 of the G2C dendrimer (see annexes Figure A44). The C=O 

stretch of the carboxylic acid was observed in the G2C dendrimer (1727 cm-1) and the G2CPt 

metallodendrimer (1726 cm-1). For the sulfonate dendrimers, signals in the sulfoxide and sulfonate 

regions were observed. The sulfoxide stretch (S=O) band was shifted to a lower wavelength from 1045 

cm-1 for G1S to 1041 cm-1 for the G1SPt metallodendrimer (Figure 77). In the sulfonate region, no 

significant shifts were observed for the G1S dendrimer (1195 cm-1) and the G1SPt metallodendrimer 

(1196 cm-1). The sulfoxide and sulfonate stretches were also detected in generation 2 of the sulfonate 

dendrimer and metallodendrimer with bands at 1044 cm-1 (G2S) and 1042 cm-1 (G2SPt) and 1188 cm-1 

(G2S) to 1195 cm-1 (G2SPt), respectively (see annex Figure A45). These findings suggest the 

coordination of the sulfonate dendrimers with the cisplatin moiety. 
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Figure 76. FT-IR spectra of the a) G1C carboxylate dendrimer and b) G1CPt metallodendrimer (in KBr pellets). 

 

 

 

 

Figure 77. FT-IR spectra of the a) G1S sulfonate dendrimer and b) G1SPt metallodendrimer (in KBr pellets). 

 

TOF-MS analysis was used to confirm the synthesis of the prepared platinum metallodendrimers. 

The G1CPt metallodendrimer was verified with a loss of one cisplatin molecule by the presence of a peak 

at m/z = 1019.46 [M – Pt(NH3)2 + H2O] (Figure 78). The partial G2CPt metallodendrimer was found at m/z 

= 2160.35 [M – (Pt(NH3)2)6 – C8H12NO4 + H], due to the fragmentation of the molecule (see annex Figure 

A46). The G1SPt metallodendrimer was found with three cisplatin molecules with m/z = 1938.93 [M – 

Pt(NH3)2 – 2H] (Figure 79). For the G2SPt metallodendrimer with m/z = 1916.95 [M – C40H96N23O24Pt4S8 

– Pt(NH3)2 + H], only half of the molecule was observed due to its large size easily fragmented (annex 

Figure A47). 
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Figure 78. MS Q-TOF (ESI-) mass spectrum of the G1CPt metallodendrimer. 

 

 

 

 

Figure 79. MS Q-TOF (ESI-) mass spectrum of the G1SPt metallodendrimer. 

 

 

The cisplatin metallodendrimers were also characterized by elemental analysis (EA). However, 

due to the high hygroscopicity of these compounds, the errors were beyond what is considered 

acceptable and for this reason the data are not presented.  
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3.2. Cell viability assays 

The evaluation of the potential of the platinum metallodendrimers potential as anticancer drugs 

was carried out using two cancer cell lines, namely the MCF-7 and A2780 cell lines. Cells were exposed 

to the metallodendrimers for 72 h, and cell viability was determined through the MTT assay. The 

preliminary results of the cytotoxicity assay are described below. The anionic dendrimers and cisplatin 

were used as controls. As can be observed in Figure 80, the carboxylate dendrimers and the 

metallodendrimers presented anticancer activity in the A2780 cell line. The cisplatin metallodendrimers 

showed a generation dependent toxicity in these cancer cell lines. However, the same did not happen 

with the sulfonate dendrimers, where generation 1 of the metallodendrimers presented to be more 

cytotoxic than generation 2 (Figure 81). In the MCF-7 cells, the G2CPt carboxylate metallodendrimer only 

showed anticancer activity at 10 µM (annex Figure A48). For the sulfonate dendrimers, only the G1SPt 

metallodendrimer presented toxicity at 10 µM (annex Figure A49). Interestingly, the G2SPt 

metallodendrimer did not show any anticancer activity at the higher concentration tested.  

 

Figure 80. Viability studies of the metallodendrimers in A2780 cells. Cells were treated for 72 h with a concentration range 
of 0.01 µM to 10 µM of the carboxylate dendrimers (G1C and G2C), cisPt and the metallodendrimers (G1CPt and G2CPt). 
The metabolic activity is represented against the control. Data are represented as mean ± SD of one independent 
experiment performed in triplicate. 
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Figure 81. Viability studies of the metallodendrimers in A2780 cells. Cells were treated for 72 h with a concentration range 
of 0.01 µM to 10 µM of the sulfonate dendrimers (G1S and G2S), cisplatin (cisPt) and the metallodendrimers (G1SPt and 
G2SPt). The metabolic activity is represented against the control. Data are represented as mean ± SD of one independent 
experiment performed in triplicate.  

 

 

 

In Table 8, the preliminary IC50 values for the cisplatin metallodendrimers in the A2780 and the 

MCF-7 cancer cell lines are presented. The IC50 values confirm that the metallodendrimers are more 

selective towards the A2780 cell line relative to MCF-7 cells. These results are in accordance with the 

expected findings for cisplatin compounds that are generally used to treat ovarian cancer.452,453 

Nevertheless, it is important to emphasize that these results are from one experimentt and another two 

independent experiments will be performed to corroborate this anticancer activity. 

 

Table 8. The preliminary IC50 values of the platinum metallodendrimers towards the A2780 and MCF-7 cancer cell lines. 

Data are represented as the mean of one independent experiment performed in triplicate. 

Compound Metal centers 
A2780 

(IC50, µM) 

MCF-7 

(IC50, µM) 

cisplatin 1 0.4 4.2 

G1CPt 4 2.4 >10 

G2CPt 8 0.4 7.6 

G1SPt 4 0.6 7.0 

G2SPt 8 3.9 >10 
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4. Conclusion 

We can conclude that we have successfully metallodendrimers with cisplatin attached in a 

bidentate form on the surface. To the best of our knowledge, we have prepared the first 

poly(alkylidenamine)-based dendrimers with carboxylate and sulfonate terminal groups with cisplatin in 

the bidentate form to be potentially used as anticancer drugs. Previous studies have shown just the 

functionalization or the entrapment of cisplatin using PAMAM dendrimers.450,454,455 Cisplatin can be 

coordinated either in a mono- or bidentate manner, linked to the dendrimer with a single bond or two 

bonds, respectively, in which the bis-aquated cisplatin coordination should increase the retention of the 

drug.450 Therefore, aquated cisplatin was prepared to coordinate with the anionic dendrimers in a 

bidentate form. The prepared carboxylate and sulfonate metallodendrimers, after characterization by the 

NMR, FT-IR and MS techniques, were then evaluated against two cancer cell lines (A2780 and MCF-7). 

The preliminary results of the cytotoxicity assays showed that our metallodendrimers presented toxicity 

similar to cisplatin towards the A2780 cell line in the micromolar concentration range. The similarity of the 

cytotoxicity results of our dendrimers with cisplatin can probably be due to the fact that these 

poly(alkylidenamine) dendrimers belong to a group of dendrimers with reduced toxicity compared to the 

cationic dendrimers that are more toxic. However, additional studies are necessary, such as the study of 

the stability of these compounds, the evaluation of the anticancer activity against cisplatin-resistant 

cancer cell lines and other cancer and non-cancerous cell lines. The toxicity towards red blood cells as 

well as DNA binding studies to assess the mechanism of action of these metallodendrimers is also 

needed to complement the biological assays. The ability to induce apoptosis, the accumulation of reactive 

oxygen species (ROS) and the cell cycle can be also evaluated. These additional experiments are 

necessary to confirm if these metallodendrimers can be used as a promising drug with fewer side effects 

than the free drug.  
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Chapter 6. Conclusions and Future Perspectives 

 

 

In summary, these poly(alkylidenamine)-based dendrimers are versatile nanoplatforms for 

biomedical applications, specifically for antiviral and anticancer therapeutics. They can be easily prepared 

with different terminal groups, such as nitrile, amine, carboxylate and sulfonate, depending on the final 

application. For instance, the nitrile and amine dendrimers were prepared to be used as building blocks 

to increase the dendrimer generation. Moreover, these nitrile and amine dendrimers can be used as sites 

for metal coordination. The anionic dendrimers, with carboxylate and sulfonate terminal groups, 

presented less toxicity, improved solubility, improved metal coordination and can inhibit HIV infection.  

 

In chapter 2, we presented a new family of anionic poly(alkylidenamine) dendrimers with improved 

antiviral activity against HIV-1 infection. First, second and third generation dendrimers with of carboxylate 

(G1C, G2C and G3C) and sulfonate (G1S, G2S and G3S) terminal groups were prepared and fully 

characterized by 1H- and 13C-NMR, FT-IR, MS and zeta potential techniques. Stability studies with the 

G1C and G1S dendrimers were conducted and they were revealed to be stable in an aqueous solution 

for more than one year and a half. The six prepared dendrimers were evaluated for their cytotoxicity using 

the TZM.bl cell line to find a nontoxic concentration for the antiviral inhibition experiments and for the 

analysis of the mechanism of action. Our results demonstrated that these anionic dendrimers were 

cytocompatible and that the first generation of both dendrimers (G1C and G1S) presented antiviral activity 

against R5-HIV-1NLAD8 and X4-HIV-1NL4.3. The mechanism of action experiments showed that the G1C 

and G1S dendrimers were clearly acting on the viral particles and blocking the entry of the virus into the 

host cell. Moreover, these dendrimers were tested at different pH values, and the results showed that 

they preserved their inhibitory effect. The in vivo assays were performed using BALB/c mice through a 

vaginal irritation experiment. Our dendrimers were demonstrated to be safe for topical administration with 

no inflammation or irritation. The G1C and G1S dendrimers have proved to be excellent candidates to 

prevent new HIV-1 infections and to create an efficient microbicide. 

 

In chapter 3, generation 0 to 2 of nitrile poly(alkylidenamine) dendrimers and generation 0 and 1 

of the metallodendrimers functionalized with ruthenium moieties ([Ru(η5-C5H5)(PPh3)2]+) were prepared. 

Their anti-HIV-1 activity was evaluated towards two viruses, R5-HIV-1NLAD8, and X4-HIV-1NL4.3. These 

dendrimers and metallodendrimers were entirely characterized by 1H-, 13C-, and 31P-NMR, MS, FT-IR 

and EA techniques. Generation 0 and 1 of the nitrile dendrimers showed no toxicity at the tested 

concentrations and the G2CN dendrimer revealed no toxicity up to 10 µM. The RuCp complex and the 

G0Ru and G1Ru metallodendrimers showed toxicity from 1 µM up to 25 µM. The antiviral assays revealed 

that the nitrile dendrimers and the metallocompounds presented no anti-HIV-1 activity against HIV-1 

infection. 
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In chapter 4, the preparation of generation 2 of the poly(alkylidenamine)-based metallodendrimer 

functionalized with ruthenium moieties ([Ru(η5-C5H5)(PPh3)2]+) is described. This G2Ru metallodendrimer 

was entirely characterized by 1H-, 13C-, and 31P-NMR, MS and FT-IR techniques. The G0Ru, G1Ru and 

G2Ru metallodendrimers were studied for their stability using NMR techniques at 4C, 25C, and 37C. 

The results revealed that these metallodendrimers were more stable at low temperatures. Afterward, they 

were tested in several cancer cell lines and a non-cancer cell line to assess their anticancer activity. The 

cytotoxicity results indicated a generation impact with increasing toxicity in higher generations, as well as 

an exceptional anticancer activity of the ruthenium metallodendrimers when compared to cisplatin. The 

DNA binding experiments using CT-DNA showed a strong interaction between our metallodendrimers 

and DNA when compared to the well-known metallodrug cisplatin. Their capacity for disruption of the cell 

membrane was evaluated using red blood cells from human blood. The hemolysis experiment showed 

toxicity of these metallodendrimers at low concentrations. For further assays, the G2Ru metallodendrimer 

was used to evaluate its apoptosis-inducing ability, cell cycle analysis, accumulation of ROS and the 

mitochondrial membrane potential. The G2Ru metallodendrimer presented higher necrosis and late-

apoptosis ability, which relates to the results from the mitochondrial potential that showed a mitochondria 

depolarization indicating that cell death occurs through apoptosis. The ROS assay revealed that the 

G2Ru metallodendrimer was able to induce the production of ROS. The G2Ru metallodendrimer 

displayed a cytostatic effect, acting in the G0/G1 phase, more precisely in the inhibition of cell growth, as 

revealed by the cell cycle experiment. The prepared metallodendrimers presented promising outcomes 

as metallodrugs when compared to other ruthenium metallodendrimers found in the literature.85,317,319 

Taken together, these metallodendrimers can be considered as good candidates to be used as anticancer 

metallodrug.  

 

In chapter 5, we prepared poly(alkylidenamine) dendrimers with cisplatin in the bidentate form. 

These metallodendrimers were prepared by adding bis-aquated cisplatin to the carboxylate (G1C and 

G2C) and sulfonate (G1S and G2S) terminal groups of the dendrimers. They were characterized by NMR, 

MS and FT-IR techniques. Then, these metallodendrimers were tested in two cancer cell lines. They 

presented anticancer activity in the A2780 (ovarian carcinoma) cancer cell line. The carboxylate 

metallodendrimers presented to be more effective against the ovarian cancer cell line.  

 

Concluding, all dendrimers and metallodendrimers presented promising outcomes when used as 

antiviral or anticancer agents. Furthermore, they can be considered as new nanotherapeutics against 

diseases such as HIV infection and cancer. 

 

As future perspectives, other experiments are ongoing with the anionic poly(alkylidenamine) 

dendrimers, such as the evaluation of these dendrimers in combination with other antiretrovirals drugs in 
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the market, to verify the total inhibition against HIV-1 infection; and additional in vivo studies will be 

performed. 

For the ruthenium metallodendrimers, additional studies should be performed, such as transferrin 

binding studies that could help to determine the mechanism of action of these compounds. Also, in vivo 

assays are currently underway in China to evaluate the toxicity, the tolerant dose and the 

pharmacokinetics of these potential metallodrugs. 

 

For the cisplatin metallodendrimers, further cytotoxicity studies will be performed in other cancer 

cell lines. Hemotoxicity will also be done using human blood. Other experiments, including DNA binding, 

apoptosis and cell cycle analysis, will also be evaluated. 
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Annex  

 
A.1. General experimental procedures 

A.1.1. Solvents and reactions 

All reactions were carried out under an inert atmosphere (nitrogen or argon), using basic Schlenk 

techniques. For the reactions and purifications performed under an inert atmosphere, the solvents were 

degassed under nitrogen flow. Dry dichloromethane, ethyl ether, n-hexane and tetrahydrofuran, were 

used pre-dried using a mBRAUN MB SPS-800 solvent purification system. 

 

 

A.1.2. Synthesis of the amine-terminated dendrimers 

A.1.2.1. Synthesis of G1NH2 

The G0CN dendrimer (9.7 g, 29.6 mmol) was dissolved in 100 mL of anhydrous tetrahydrofuran 

(THF) under nitrogen. Borane dimethyl sulfide complex (56.1 mL, 591.8 mmol, 5 equiv. per nitrile group) 

was added to the previous mixture using a syringe. The reaction was stirred at room temperature for 2 

days. Methanol extra-dry was added slowly at 0ºC until it was not observed any bubbling or reaction, 

followed by solvent removed under reduced pressure. Fresh methanol extra-dry (120 mL) was added to 

the residual white paste and heated to reflux overnight. After cooling to room temperature, the solvent 

was removed under vacuum. The oily product was taken up in water (20 mL) and washed with diethyl 

ether (5 x 20 mL), hexane (5 x 20 mL), and ethyl acetate (2 x 20 mL), and dry under vacuum to get a 

slightly golden oil an 84% yield (8.5 g). 1H-NMR (400 MHz, D2O)  = 1.30, 1.47, 1.67 – 1.69, 1.97 (–

CH2NH2), 2.51 – 2.58 (–CH2NH2), 2.73 ppm 13C-NMR (100 MHz, D2O)  =  22.98, 24.53, 26.06, 38.30 (–

CH2NH2), 49.93, 52.62 ppm. 

 

 

Figure A1. 1H-NMR spectrum of generation 0 of the amine dendrimer G0NH2 in D2O. 
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Figure A2. 13C-NMR spectrum of generation 0 of the amine dendrimer G0NH2 in D2O. 

 

 

A.1.2.2. Synthesis of G2NH2 

The G1CN dendrimer (5.1 g, 6.7 mmol) was dissolved in 100 mL of anhydrous THF under 

nitrogen. Borane dimethyl sulfide complex (25.4 mL, 267.5 mmol, 5 equiv. per nitrile group) was added 

to the previous mixture using a syringe. The reaction was stirred at room temperature for 3 days. Methanol 

extra-dry was added slowly at 0ºC until it was not observed any bubbling or reaction, followed by solvent 

removed under reduced pressure. Fresh methanol extra-dry (120 mL) was added to the residual white 

paste and heated to reflux overnight. After cooling to room temperature, the solvent was removed under 

reduced pressure. The oily product was taken up in water (20 mL) and washed with diethyl ether (5 x 20 

mL), hexane (5 x 20 mL), and ethyl acetate (2 x 20 mL), and dry under vacuum to get a transparent oil 

63% yield (3.4 g). 1H-NMR (400 MHz, D2O)  = 1.17, 1.26, 1.45, 1.69, 1.87 (–CH2NH2), 2.49 – 2.51 (–

CH2NH2), 2.77 ppm. 13C-NMR (100 MHz, D2O)  =  22.96, 24.67, 25.45, 26.30, 38.06 (–CH2NH2), 49.95, 

50.62, 52.59 ppm. 

 

 

Figure A3. 1H-NMR spectrum of generation 1 of the amine dendrimer G1NH2 in D2O. 
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Figure A4. 13C-NMR spectrum of generation 1 of the amine dendrimer G1NH2 in D2O. 

 

 

A.1.2.3. Synthesis of G3NH2 

The G2CN dendrimer (2.5 g, 3.2 mmol) was dissolved in 80 mL of anhydrous tetrahydrofuran 

(THF) under nitrogen. Borane dimethyl sulfide complex (24.3 mL, 256.4 mmol, 5 equiv. per nitrile group) 

was added to the previous mixture using a syringe. The reaction was stirred at room temperature for 48 

h. Methanol extra-dry was added slowly at 0ºC until it was not observed any bubbling or reaction, followed 

by solvent removed under reduced pressure. Fresh methanol extra-dry (80 mL) was added to the residual 

white paste and heated to reflux overnight. After cooling to room temperature, the solvent was removed 

under vacuum. The oily product was taken up in water (10 mL) and washed with diethyl ether (5 x 10 

mL), hexane (5 x 10 mL), and ethyl acetate (2 x 10 mL), and dry under vacuum to get a slightly golden 

oil an 15% yield (0.8 g). 1H-NMR (400 MHz, D2O)  = 1.41, 1.59, 1.74 – 1.84, 1.97 (–CH2NH2), 2.62 – 

2.74 (–CH2NH2), 3.08 ppm. 13C-NMR (100 MHz, D2O)  =  21.74, 23.96, 27.55, 38.34 (–CH2NH2), 49.97, 

51.00 ppm. 

 

 

Figure A5. 1H-NMR spectrum of generation 3 of the amine dendrimer G3NH2 in D2O. 
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Figure A6. 13C-NMR spectrum of generation 3 of the amine dendrimer G3NH2 in D2O. 

 

 

A.1.3. Preparation of starting material [Ru(η5-C5H5)(PPh3)2Cl] complex 

Triphenylphosphine (14.9 g, 56.8 mmol) in 200 mL absolute ethanol was refluxed for 20 min, 

RuCl3 (3.6 g, 17 mmol) dissolved in 80 mL of absolute ethanol was dropped into the previous solution, 

and cyclopentadiene (15 mL, 183.7 mmol) was added to the mixture. The reaction mixture was refluxed 

at 85ºC for 2h. After it cooled, the suspension was filtered still at a warm temperature, and the orange 

precipitate was washed with cool ethanol (3 x 25 mL), distilled water (3 x 25 mL), ethanol (3 x 25 mL), 

and diethyl ether (3 x 25 mL). Then the solid was dried under reduced pressure to obtain the orange 

microcrystals ([Ru(η5-C5H5)(PPh3)2Cl]) with a 63% yield (7.9 g). The filtered orange solution was kept in 

the freezer to crystalize. 1H-NMR (400 MHz, CDCl3)  = 1.29, 1.60, 4.14 (–C5H5), 7.16 – 7.41 (–PPh3). 

31P-NMR (161 MHz, CDCl3)  =  38.83 (PPh3) ppm. 

 

The ruthenium complex was characterized by NMR, using 1H and 31P techniques. In Figure A7, 

the 1H spectrum of the compound presents the expected spectrum of the metallocomplex, with the 

characteristics signals 1.29 (s), 1.60 (s), 4.14 (s), 7.16 (t), 7.60 (m), and 7.41 (t) ppm, suggesting that the 

synthesis was accomplished. 

 

 

Figure A7. 1H-NMR spectrum of the ruthenium metallocomplex [Ru(η5-C5H5)(PPh3)2Cl] in CDCl3. 
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Figure A8. 31P-NMR spectrum of the metallocomplex [Ru(η5-C5H5)(PPh3)2Cl] in CDCl3. 

 

 

 

A.2. Characterization techniques 

A.2.1. Nuclear Magnetic Resonance (NMR) 

Nuclear Magnetic Resonance (NMR) spectroscopy was performed using a Bruker Avance II+ 400 

equipment with a probe temperature at 4C, 25C and at 37C. NMR spectra 1H, 13C, 31P, and 195Pt plots 

were obtained and treated using a Bruker® Topspin 3.6.1 software. Potassium tetrachloroplatinate(II) 

(K2PtCl4, Sigma-Aldrich) was used as an external reference for 195Pt chemical shifts. The experiment 

carried out at 4C, was used a liquid nitrogen circulator to cool down the probe and to maintain the low 

temperature. 

 

 

A.2.2. Fourier Transformed Infrared (FT-IR) 

Fourier Transform Infrared (FT-IR) spectroscopy was carried out with a Spectrum Two™ 

spectrometer from PerkinElmer through the normal NaCl cells or KBr pellets in the range of 400 - 4000 

cm-1. 

 

 

A.2.3. Mass Spectrometry (MS) 

Mass spectrometry (MS) analysis was obtained by a high-resolution mass spectrometer, with 

electrospray ionization technique, in positive or negative mode, by QTOF hybrid analyzer model MAXIS 

II from Bruker, and by a MALDI ionization technique with a ULTRAFLEX III TOF TOF equipment from 

Bruker. MS analyses were performed by the Mass Spectrometry Unit at Interdepartmental Investigation 

Service (SIdI), located at Universidad Autónoma de Madrid (Madrid, Spain). 
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A.2.4. Elemental Analysis (EA) 

Elemental analyses were carried out by LECO-CHNS 932 equipment. EA analyses were 

performed by the Elemental Analysis Unit at Interdepartmental Investigation Service (SIdI), located at 

Universidad Autónoma de Madrid (Madrid, Spain). 

 

 

A.2.5. Zeta Potential  

Zeta potential was measured by Zetasizer Nano ZS (Malvern Instruments, UK) at 25 C with 

disposable folded capillary cells (DTS1060C, Malvern).  

 

 

A.2.6. UV-Vis spectroscopy 

Ultraviolet-visible (UV-Vis) spectroscopy was recorded with a Cintra 40 UV−Vis 

spectrophotometer (GBC) or with a Lambda25 spectrophotometer from PerkinElmer. All measurements 

were performed with 1 cm path quartz cuvettes in a wavelength range of 190-800 nm. 

 

 

A.2.7. Microplate reader  

Cell viability and the luciferase activity were measured by a microplate reader (Synergy 2 Multi-

Detection Microplate Reader, BioTek Instruments, Inc.) and by using a VICTOR3 Multilabel from 

PerkinElmer. 

 
 
A.2.8. Flow cytometry  

Flow cytometry analysis was carried out by Flow Cytometer NovoCyte® 3000 + NovoSampler® 

Pro (ACEA Bioscience), with the acquisition of 10000 events per sample, and the collected data were 

treated with NovoExpress™ Flow Cytometer Software. 
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A.3. Chapter 2. New poly(alkylidenamine) dendrimers as a microbicide against HIV-1 infection 

 

 

 

 

 

 

Figure A9. 1H-NMR spectrum of the carboxylate dendrimer G2C in D2O. (§ = diethyl ether, † = ethyl acetate). 

 

 

 

 

 

 

 

Figure A10. 13C-NMR spectrum of the carboxylate dendrimer G2C in D2O. 
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Figure A11. 1H-NMR spectrum of the carboxylate dendrimer G3C in D2O. (‡ = methanol). 

 
 

 

 

 

 

 
 

Figure A12. 13C-NMR spectrum of the carboxylate dendrimer G3C in D2O. 
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Figure A13. 1H-NMR spectrum of the sulfonate dendrimer G2S in D2O. 

 
 
 
 
 

 
 
 
 

 
 

Figure A14. 13C-NMR spectrum of the sulfonate dendrimer G2S in D2O. 
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Figure A15. 1H-NMR spectrum of the sulfonate dendrimer G3S in D2O. (* = tetrahydrofuran). 

 
 
 
 

 
 
 
 

 
Figure A16. 13C-NMR spectrum of the sulfonate dendrimer G3S in D2O. (‡ = amine-terminated dendrimer, § = diethyl 

ether, † = ethyl acetate). 
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Figure A17.  HRMS Q-TOF (ESI-) mass spectrum of the G2C dendrimer. 

 
 
 
 
 
 

 
 

Figure A18. HRMS Q-TOF (ESI-) mass spectrum of the G3C dendrimer. 
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Figure A19. HRMS Q-TOF (ESI-) mass spectrum of the G2S dendrimer. 

 
 
 
 
 
 
 

 
 

Figure A20. HRMS Q-TOF (ESI-) mass spectrum of the G3S dendrimer. 
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A.4. Chapter 3. The behavior of low generation dendrimers coordinated with [Ru(η5-

C5H5)(PPh3)2]+ moieties against HIV-1 infection 

 

 

 

 

Figure A21. Mass spectrum of G1CN nitrile dendrimer. 

 

 

 

Figure A22. Mass spectrum of G2CN nitrile dendrimer. 
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Figure A23. FT-IR spectra of the G0CN dendrimer (above) and G0Ru metallodendrimer (below). G0CN was performed 
using NaCl cells and G0Ru in KBr pellets. 

 

 

 

 

 
 

Figure A24. FT-IR spectra of the G1CN dendrimer (above) and G1Ru metallodendrimer (below). G1CN was performed in 
the NaCl cells and G1Ru in KBr pellets. 
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Figure A25. Mass spectrum of G0Ru metallodendrimer. 

 

 

 

 

 

Figure A26. Mass spectrum of G1Ru metallodendrimer. 
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Figure A27. Mass spectrum of G1Ru metallodendrimer. 
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A.5. Chapter 4. Ruthenium-based metallodendrimers as promising anticancer drugs 

 

 

 

 

 
Figure A28. FT-IR spectra of the G2CN dendrimer (above) and G2Ru metallodendrimer (below). G2CN was performed in 
the NaCl cells and G2Ru in KBr pellets. 

 

 

 

 

 

Figure A29. Mass spectrum of G2Ru metallodendrimer. 
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Figure A30. 1H-NMR spectra of generation 1 of the ruthenium metallodendrimer. Stability studies were performed in 
DMSO-d6 (probe temperature: 25ºC), and the dendrimer’s solutions were kept at 25ºC along time. † = cyclopentadienyl 
signal of the metallodendrimer, * = cyclopentadienyl signal of the RuCp complex.  

 

 

 

Figure A31. 31P-NMR spectra of generation 1 of the ruthenium metallodendrimer. Stability studies were performed in 
DMSO-d6 (probe temperature: 25ºC), and the dendrimer’s solutions were kept at 25ºC along time. † = phosphines signal 
of the metallodendrimer, * = phosphines signal of the RuCp complex. 
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Figure A32. 1H-NMR spectra of generation 1 of the ruthenium metallodendrimer. Stability studies were performed in 
DMSO-d6 (probe temperature: 37ºC), and the dendrimer’s solutions were kept at 37ºC along time. † = cyclopentadienyl 

signal of the metallodendrimer, * = cyclopentadienyl signal of the RuCp complex. 

 

 

Figure A33. 31P-NMR spectra of generation 1 of the ruthenium metallodendrimer. Stability studies were performed in 
DMSO-d6 (probe temperature: 37ºC), and the dendrimer’s solutions were kept at 37ºC along time. † = phosphines signal 
of the metallodendrimer, * = phosphines signal of the RuCp complex. 
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Figure A34. 1H-NMR spectra of generation 2 of the ruthenium metallodendrimer. Stability studies were performed in 
DMSO-d6 (probe temperature: 25ºC), and the dendrimer’s solutions were kept at 25ºC along time. † = cyclopentadienyl 
signal of the metallodendrimer, * = cyclopentadienyl signal of the RuCp complex. 

 

 

Figure A35. 31P-NMR spectra of generation 2 of the ruthenium metallodendrimer. Stability studies were performed in 
DMSO-d6 (probe temperature: 25ºC), and the dendrimer’s solutions were kept at 25ºC along time. † = phosphines signal 
of the metallodendrimer, * = phosphines signal of the RuCp complex. 
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Figure A36. 1H-NMR spectra of generation 2 of the ruthenium metallodendrimer. Stability studies were performed in 
DMSO-d6 (probe temperature: 37ºC), and the dendrimer’s solutions were kept at 37ºC along time. † = cyclopentadienyl 

signal of the metallodendrimer, * = cyclopentadienyl signal of the RuCp complex. 

 

 

Figure A37. 31P-NMR spectra of generation 2 of the ruthenium metallodendrimer. Stability studies were performed in 
DMSO-d6 (probe temperature: 37ºC), and the dendrimer’s solutions were kept at 37ºC along time. † = phosphines signal 

of the metallodendrimer, * = phosphines signal of the RuCp complex. 
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A.6. Chapter 4. Novel poly(alkylidenamine) dendrimers functionalized with cisplatin as anticancer 

prodrugs 

 

 

 

 

 

Figure A38. 1H-NMR spectrum of generation 1 of the sulfonate platinum metallodendrimer performed in D2O. 

 

 

 

 

 

Figure A39. 13C-NMR spectrum of generation 1 of the sulfonate platinum (G1SPt) metallodendrimer performed in D2O. 
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Figure A40. 195Pt-NMR spectrum of generation 1 of the sulfonate platinum metallodendrimer (G1SPt) performed in D2O 

with K2PtCl4 as an external reference 

 

 

 

  

 

Figure A41. 1H-NMR spectrum of generation 2 of the sulfonate platinum metallodendrimer (G2SPt) performed in D2O. 
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Figure A42. 13C-NMR spectrum of generation 2 of the sulfonate platinum (G2SPt) metallodendrimer performed in D2O. 

 

 

 

 

 

Figure A43. 195Pt-NMR spectrum of generation 2 of the sulfonate platinum metallodendrimer (G2SPt) performed in D2O 
with K2PtCl4 as an external reference. 
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Figure A44. FT-IR spectra of the a) G2C carboxylate dendrimer and b) G2CPt metallodendrimer. The sample preparation 
was done using KBr pellets. 

 

 

 

 

 

Figure A45. FT-IR spectra of the a) G2S carboxylate dendrimer and b) G2SPt metallodendrimer. The sample preparation 
was done using KBr pellets. 
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Figure A46. Mass spectrum of G2CPt metallodendrimer. 

 

 

 

 

 

Figure A47. Mass spectrum of G2SPt metallodendrimer. 
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Figure A48. Viability studies of metallodendrimers on MCF-7 cells. Cells were treated for 72 h with a concentration range 
of 0.01 µM to 10 µM of the carboxylate dendrimers (G1C and G2C), cisplatin (cisPt), and the metallodendrimers (G1CPt 
and G2CPt). The metabolic activity is represented against the control. Data are represented as mean ± SD of one 

independent experiment performed in triplicate. 

 

 

 

 

 

Figure A49. Viability studies of metallodendrimers on MCF-7 cells. Cells were treated for 72 h with a concentration range 
of 0.01 µM to 10 µM of the sulfonate dendrimers (G1S and G2S), cisplatin (cisPt), and the metallodendrimers (G1SPt and 
G2SPt). The metabolic activity is represented against the control. Data are represented as mean ± SD of one independent 
experiment performed in triplicate. 
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