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Abstract 

Cancer is one of the most lethal diseases worldwide. In 2020, 19.3 million new 

cancer cases were reported, with approximately 10 million deaths. Female breast 

cancer was the most diagnosed, with 2.3 million new cases. 

Hydroxychloroquine (HCQ) is an immunomodulatory drug used to treat 

malaria and has been shown to have therapeutic potential in oncology. It has been 

proven that HCQ increases tumor cell death alone or combined with targeted agents 

or cytotoxic chemotherapy. By combining HCQ and a nanocarrier, it is possible to 

direct the drug to the tumor tissues, reducing the side effects and enhancing the 

bioavailability.  

Based on the previous experience of our group, the main goal of this master 

thesis was to prepare anionic carboxylate and sulfonate PPI dendrimers to transport 

and deliver the HCQ into tumor cells. First, amine-terminated PPI dendrimers, 

generation 0 to 3 (G0-G3), were synthesized, with a yield in the range of 57% -99%, 

and characterized by 1H- and 13C- NMR. After the G0 to G3 amine-terminated PPI 

dendrimers were prepared and obtained, the functionalization of the terminal groups 

with carboxylate and sulfonate dendrimers was done. Additionally, for the first time, 

the carboxylate- and sulfonate-terminated dendrimers G4 was synthesized. The 

anionic dendrimers have the advantage of being less cytotoxic, hemotoxic, and 

immunogenicity than cationic dendrimers. After G1 to G3 characterization by 1H- 13C- 

NMR, ATR-FTIR, DLS, zeta potential, and MS, HCQ was encapsulated. Following this, 

the in vitro drug release was performed in PBS with a pH 5 and 7.4, since the 

cumulative release is slightly higher in PBS with a pH 5. In general, all dendrimers 

showed a sustained release of HCQ in both pHs. The hemotoxicity of the dendrimers 

and the HCQ were also evaluated and showed no hemotoxicity. Finally, the 

cytotoxicity of the synthesized dendrimers, non-loaded and loaded with HCQ, was 

evaluated in a cancer cell line (MCF-7) and a non-cancer cell line (BJ cells). The HCQ 

in a range of concentration between 0.5 and 50 µM are highly cytotoxic for BJ cells 

and less cytotoxic for MCF-7 cells. The HCQ was further tested with the CACO-2 cells 

and showed to be less sensitive to the drug than with the MCF-7 cells. In order to 
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improve the cytotoxicity of the prepared dendrimers, an assay with doxorubicin 

(DOX) was performed, but no synergetic effect was observed.  

 

Keywords: PPI dendrimers; Hydroxychloroquine; Drug release; Cytotoxicity; MCF-7 

cells; CACO-2 cells; BJ cells.  
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Resumo  

O cancro é uma das doenças mais letais em todo o mundo. Em 2020, foram 

reportados 19.3 milhões de novos casos, com aproximadamente 10 milhões de 

mortes. O cancro de mama feminino foi o mais diagnosticado, com 2.3 milhões de 

novos casos.  

A hidroxicloroquina (HCQ) é um fármaco imunomodulador utilizado no 

tratamento da malária, e tem demostrado potencial terapêutico em oncologia. Foi 

provado que a HCQ aumenta a morte das células tumorais isoladamente ou em 

combinação com outros agentes ou quimioterapia. Combinando a HCQ a um 

nanotransportador, é possível direcionar o fármaco para os tecidos tumorais, 

reduzindo os efeitos secundários e aumentando a biodisponibilidade.  

Baseado na experiência do nosso grupo, o principal objetivo desta tese de 

mestrado foi preparar dendrímeros aniónicos de poli(alquilidenamina) com 

terminações carboxilato e sulfonato para transportar e entregar a HCQ nas células 

tumorais. Em primeiro lugar, os dendrímeros de poli(alquilidenamina), geração 0 a 3 

(G0 a G3) com terminações amina foram sintetizados, com um rendimento entre 

57%-99%, e caracterizados por 1H- e 13C- NMR. De seguida procedeu-se à 

funcionalização dos grupos terminais do dendrímero com grupos carboxilato e 

sulfonato. Pela primeira vez, foi preparada a G4 dos dendrímeros com terminações 

carboxilato e sulfonato.  

Os dendrímeros aniónicos têm a vantagem de ser menos citotóxicos, 

hemotóxicos e, imunogénicos, em comparação com os dendrímeros catiónicos. Após 

a caracterização das G1 a G3 por 1H- 13C- NMR, ATR-FIR, DLS, zeta potencial e MS, foi 

realizado o encapsulamento da HCQ. Seguidamente, a libertação do fármaco in vitro 

foi realizada em PBS a pH 5 e 7.4, sendo que, em PBS a pH 5, a libertação cumulativa 

é ligeiramente superior. Em geral, todos os dendrímeros apresentaram libertação 

sustentada da HCQ em ambos os pHs. A hemotoxicidade dos dendrímeros e da HCQ 

foi também avaliada. Globalmente, os dendrímeros e a HCQ não apresentaram 

hemotoxicidade. A citotoxicidade dos dendrímeros com HCQ e sem HCQ encapsulada 

foi avaliada numa linhagem celular cancerígena (MCF-7) e numa linhagem celular não 

cancerígena (células BJ). A HCQ numa faixa de concentração de 0.5-50 µM é 
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altamente citotóxica para as células BJ e menos citotóxica para as MCF-7. A HCQ foi 

ainda testada nas células CACO-2 que mostraram ser menos sensíveis ao fármaco, 

em comparação com as MCF-7. Com o objetivo de aumentar a citotoxicidade dos 

dendrímeros preparados foi realizado um ensaio com doxorrubicina (DOX), mas não 

se observou nenhum efeito sinergético digno de registo.  

 

Palavras-chave: Dendrímeros PPI; Hidroxicloroquina; Libertação do fármaco; 

Citotoxicidade; Células MCF-7; Células CACO-2; Células BJ.  
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1 Nanotechnology and nanomaterials  

Nanotechnology is defined by the National Nanotechnology Initiative (NNI) as 

the science, engineering, and technology conducted at the nanoscale, which is about 

1 to 100 nm.1 The development of nanotechnology has proven to be a 

multidisciplinary scientific field, with applications in the most diverse areas, including 

chemistry, biology, medicine, physics, materials science, and engineering.2 

Particles in the nanoscale range (nanoparticles) present unique physical and 

chemical properties.3 One of the most important properties is that the nanoparticles 

have a maximum surface/volume ratio. This particular characteristic of the 

nanoparticles allows chemical reactions to occur on the surface of the particles, wich 

is ideal for surface functionalization and the incorporation of a therapeutic load.3,4 

The creation of materials at the nanometer scale can be made by scaling up from 

single groups of atoms or by refining or reducing bulk material into nanoparticles.5 

The nanoparticles can be classified based on their properties as organic and 

inorganic nanoparticles. Organic nanoparticles include liposomal nanoparticles, 

nanocrystals, polymeric nanoparticles, protein-based nanoparticles, star-shaped 

dendrimers, micelle nanoparticles, silicon- and carbon-based nanoparticles, carbon 

nanotubes, and carbon nanoshells. While the inorganic nanoparticles comprise 

different agents such as quantum dots, superparamagnetic iron oxide nanoparticles, 

nanobots, and metallic nanoparticles (gold, silver, and titanium nanoparticles).6-8 

The convergence of nanotechnology and medicine has led to the 

interdisciplinary field of nanomedicine.9 A variety of nanomaterials and 

nanostructures are involved in nanomedicine for diagnostic, imaging, controlled and 

targeted therapeutic drugs, and gene delivery.10,11 Due to its size, it is ideal for 

penetrating cells, circulating in the bloodstream, and crossing tissues.12 

 

2 Dendrimers  

The 20th century focused on polymer synthesis and the design of 

biodegradable polymeric macromolecules.13 Polymers are macromolecules made 

from many molecular units denominated monomers that, by a polymerization 

process, form a chain linked by covalent bonds. They usually represent organic 
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molecules containing carbon, hydrogen, oxygen, nitrogen, halogens, etc.14 They can 

have a natural origin, such as rubber, cellulose, and starch, or they can be 

synthesized.14 

As a result of these, dendrimers emerged as an innovation in the field of 

polymer science.13 Derived from the Greek word "dendron", which means tree, the 

dendrimers are a particular class of synthetic polymers defined as synthetic 

macromolecules and characterized by an abundant number of branching points, a 

three-dimensional globular shape, monodispersity, and a nanometric size range.13,15 

The first described dendrimer, a polypropylenimine (PPI) of low generation, 

was reported by Vӧgtle and co-workers in 1978.15,16 Later, in the mid-1980, Tomalia 

and co-workers synthesized dendrimers with higher generations with well-defined 

structures.15,17-19   

 

2.1 Structure of dendrimers 

The dendrimers are composed of several perfectly branched monomers 

(dendrons) that diffuse radially from a central nucleus (core).20,21 So, the structure 

can be divided into three regions: the core; the interior layers or branches; and the 

periphery or terminal groups (figure 1).21  

The number of branching points, when going from the core to the surface, will 

define the generation. The nucleus is simply referred to as generation 0 (G0) since no 

cascade points are present.22 

The core and number/type of branched monomers are responsible for the 

tridimensionality structure and the overall morphology and rigidity of the 

dendrimer.23 In other words, the morphology depends on the chemical composition 

and generation number. Dendrimers of a lower generation have a floppy 

asymmetrical shape and an open disc-like structure. They have fewer branches and, 

consequently, fewer terminal groups, which confer a more open structure. On the 

other hand, in higher generations (> G4), the hyperbranched polymer adopts a more 

globular or even spherical conformation. Moreover, as the dendrimers' molecular 

weight and generation increase, the terminal units double in number, making the 

structure more compact.21,24  
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The terminal groups are responsible for the interaction of the dendrimer with 

the external groups or molecules.25 

 

 

Figure 1- Schematic representation of the structure of dendrimers. 

 

2.2 Properties of dendrimers 

As the generation of the dendrimer increases, the composition of the core, 

branches, and terminal groups, will significantly affect its physical and chemical 

properties and, thus, its utility in specific biomedical applications.26 Some important 

dendrimers properties are discussed in the following sections. 

 

2.2.1 Monodispersity  

One of the most important properties of dendrimers, and what sets them 

apart from hyperbranched polymers, is that they possess monodispersed properties, 

which means that all molecules are alike in structure and molecular weight. This is a 

result of stringent control of all synthesis steps, unlike the hyperbranched polymers, 

which are produced by a relatively simplified single-step reaction.27 

 

2.2.2 Solubility  

In general, dendrimers are water-soluble, and as a result, these nanoparticles 

have been studied as molecule carriers with low solubility.28 

The terminal groups of the dendrimers strongly influence their solubility. A 

dendrimer with hydrophilic end groups can make a dendrimer with a hydrophobic 
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core, soluble in water (polar solvent), while hydrophobic terminal groups can make a 

dendrimer with a hydrophilic core, soluble in non-polar solvents.29,30  

However, the nature of the branches, the generation number, and the core 

also influence the solubility of the dendrimer.25 As the generation of the dendrimer 

increases, the hydrophobicity decreases.31 In addition, temperature, pH, nature of 

the solvent, presence of salts, and concentration, also affect the dendrimer’s 

solubility.31,32 

 

2.2.3 Multivalency  

Multivalency is one of the most important properties of dendrimers. Also 

called polyvalency, it refers to the number of reactive sites that the dendrimer 

presents on its surface (terminal groups).25 The terminal reactive zones are important 

for interacting with biological receptors and membranes and forming complexes or 

conjugating with drugs or ligands.25  

In turn, the number of terminal groups depends on the multivalency of both 

the core and the branching points. A change in the multivalency of the core impacts 

the total number of terminal groups.33 

 

2.2.4 End groups and toxicity 

When designing dendrimers for application in vivo, they should be non-toxic, 

non-immunogenic, able to cross biobarriers (biopermeable), able to stay in 

circulation for the necessary time for a clinical effect, and be able to target specific 

structures.22,24  

In general, cationic macromolecules interact with the cell membrane's 

negative charge, leading to their destabilization.22 The same occurs with dendrimers 

with a positive charge (cationic dendrimers) that adhere and damage the cell 

membranes, causing their lysis.34  

Some studies were carried out about how these dendrimers interact with the 

cells. The cell line and the type of dendrimer influenced this interaction.35,36 Zhang et 

al., showed that using high-generation dendrimers with high cationic profiles strongly 

interacts with the cell membranes through electrostatic forces, inducing lipid mixing 

and leakage from the membranes.37 Mecke et al., proposed another mechanism that 
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defends the formation of nanoholes (15-40 nm) upon dendrimer-membrane 

interaction and, consequently, cell lysis.38 

Dendrimers like PPI and PAMAM exert significant cytotoxicity due to the 

terminal NH₂ groups, which confer a positive surface charge.39 Svenson concluded 

that amine-terminated PPI and PAMAM dendrimers present similar behaviour 

regarding cytotoxicity and hemolytic effect.40 With the increase in generation, both 

dendrimers become more cytotoxic and hemolytic.41,42 This was also confirmed by 

Malik et al., who investigated the hemotoxicity of cationic PAMAM dendrimer.43 In 

addition, Jones et al., observed significant cytotoxicity in various cell lines and 

hemolytic activity in the blood.44 Thus, generally speaking, PAMAM and PPI 

dendrimers display concentration- and generation number-dependent toxicity and 

hemolysis.42,43,45,46  

Contrarily, neutral and anionic dendrimers have proven to be less toxic or 

even non-toxic.39 To overcome the toxicity and make the dendrimers more 

biocompatible, their surface amine groups can be functionalized with negatively 

charged or neutral groups.34  

A comparative study between anionic and cationic PAMAM dendrimers 

demonstrated that anionic carboxyl functionalized PAMAM dendrimers present 

significantly lower cytotoxicity than amine-terminated dendrimers in CACO-2 cells.46  

The addition of polyethylene glycol (PEG) chains (entitled PEGylation method) 

to the surface of dendrimers decreases immunogenicity, overcoming cytotoxicity and 

hemolytic toxicity and increasing blood circulation.47 Initially, a review reported that 

unmodified G3 to G7 amino-terminated PAMAM dendrimers displayed little to no 

immunogenicity. Later, it was demonstrated that the immunogenicity of these 

dendrimers is affected by the PEGylation, which reduces and increases their lifetime 

in the blood.48  

Research also showed that the structure of amino-terminated PAMAM 

dendrimers influences their toxicity. The globular and less flexible structure is less 

toxic than more flexible amino functionalized linear polymers because of their lower 

adherence to cellular surfaces.22 

The core can also influence the biocompatibility of dendrimers. For instance, 

dendrimers with an aromatic polyether skeleton and anionic carboxylate groups on 
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the surface show hemolytic activity. The aromatic interior of the dendrimer may 

cause hemolysis through hydrophobic membrane contact. The influence of the core 

can be minimized with the increase of generation and rigidity of the branches. In fact, 

how more protected the core unit is, the lower is the interaction of the core and the 

cell surface.22,47  

 

2.3 Synthesis  

The synthesis of the traditional macromolecule structures (linear, cross-

linked, and branched) originate products with different molecular weights and high 

polydispersity. Conversely, dendrimers can be prepared with a level of control that 

results in monodisperse, structure-controlled macromolecular architectures like 

those observed in biological systems.49 Two major strategies have evolved for 

synthesizing dendrimers: the divergent and convergent methods. Other approaches 

have also been developed, including “Hypercore and branched monomers”, “Double 

exponential”, “Lego chemistry,” and “Click chemistry”.50  

 

2.3.1 Divergent method  

The first proposed method, the divergent method, introduced by Tomalia,23 

is currently the most widely used.25 In this approach, the synthesis starts from the 

central core, and repeated monomeric molecules that possess reactive groups are 

successively added and diverge radially towards the exterior (figure 2).49,50   

This method implies two essential steps, the coupling of monomers and the 

activation of the monomer end-group, to promote the reaction with a new 

monomer.25 This process is repeated until the obtention of the desired dendrimer 

generation. After each step, a purification method must be applied. Because of the 

higher number of reactions performed at the same time, defective monomers 

assembly are produced, originating secondary products.26 

This method presents a set of attractive advantages, including rapid synthesis, 

cheap reagents, exponential growth, attainable large dendrimers, highly symmetric 

dendrimers, and a major yield compared with the convergent method.19,51 



Chapter I: Introduction 

8 
 

 

Figure 2- Schematic representation of the divergent method. 

 

2.3.2. Convergent method 

The convergent method, reported by Fréchet and Hawker,19 consists of 

synthesizing first the various dendrons (that will constitute the dendrimer) and 

attaching them to a central nucleus (figure 3).20,49  

In the first step, the surface groups are coupled to a monomer, originating a 

segment that will be activated for a subsequent reaction with another monomer. This 

sequence is repeated until obtained the largest dendron generation, which will be 

coupled in the final step to a core, producing the final dendrimer.25 

One of the advantages of this method is that only a limited number of active 

sites are present per reaction, reducing structural defects in the final products.26,52 

The ability to precisely control the molecular weight creates a monodisperse product 

that is easy to purify and characterize.24,51 Unlike the divergent method, this approach 

does not require purification after each step.26 Another advantage is the possibility 

of linking different types of dendrons to one dendrimer and choosing the connection 

positions.24,51 However, it is complicated to produce dendrimers of higher 

generations due to the steric hindrance between the dendrons.26  

 

 

Figure 3- Schematic representation of the convergent method. 
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2.3.3 Other approaches  

To overcome some of the problems of the classical synthesis pathways, 

enhanced approaches were developed to minimize: the number of reaction steps, 

the time, the starting materials, and the costs.25  

The “Hypercore and branched monomers” method is similar to the 

convergent method. It consists of linking pre-assembly oligomeric species in fewer 

steps to accelerate production.50  

Another approach, the “Double exponential method”, enables the 

preparation of monomers from a single functionalized group that can react to each 

other to give an orthogonally protected trimer. Further, these can be used to increase 

growth. One advantage of this method is its fast synthesis of dendrimers, which can 

be applied in convergent and divergent methods.24 

The “Lego chemistry” strategy, developed by Tomalia and Svenson for the 

preparation of phosphorous dendrimers, uses highly functionalized cores and branch 

monomers to produce dendrimers quickly. Some variations in the scheme of reaction 

allow, in only one step, to multiply the number of terminal surface groups from 48 to 

250.23  

The "Click chemistry” method, also developed by Tomalia and Svenson, 

successfully produced triazole dendrimers using Cu(I)-catalyzed with various surface 

groups, with high purity and excellent yields.23 This methodology is applied in 

divergent approaches, using two different monomeric units of complementary 

functionalities that render spontaneous synthesis, reducing the number of steps.26  

 

2.4 Types of dendrimers 

Despite de different types of dendrimers produced over the years, like liquid 

crystalline dendrimers, glycodendrimers, metallodendrimers, silicon-based 

dendrimers, phosphorus-based dendrimers, our focus in the next section goes to the 

PAMAM and PPI dendrimers. 34,53   

 

2.4.1 PAMAM dendrimers 

The PAMAM dendrimers family was developed by Tomalia and co-workers 

during the 1980s.17 These molecules were the first dendritic structures exhaustively 
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investigated and have received widespread attention over the years.34 Also, it was 

the first complete dendrimer family to be synthesized, characterized, and 

commercialized.54  

Generally, these dendrimers are synthesized via a divergent approach, and 

the core molecule can vary. The most basic initiators are ammonia and 

ethylenediamine (EDA).16,55,56  They comprise polyamide branches and tertiary 

amines as branching units (figure 4).17 Products up to generation 10 have been 

obtained with a low polydispersity index for each generation.57  

They are used in many biological applications due to their unique architecture, 

solubility in water, and biocompatibility.54 They can host metals or guest molecules 

in their internal cavities and bind to various targeting molecules.24 PAMAM 

dendrimers are available in the market at the following companies, NanoSynthons 

(Mt. Pleasant, USA), Polysciences (Warrington, USA), Dendritech (Midland, USA), and 

Aldrich chemical company (Milwaukee, USA).58    

 

2.4.2 PPI dendrimers 

The first PPI dendrimer was reported by Fritz Vögtle et al. and consisted of a 

hyperbranched macromolecule.16,59 In comparison with PAMAM dendrimers (figure 

4), they are non-polar in nature, mainly because they do not have polyamide groups, 

are more hydrophobic, and have different bond lengths with results in different sizes. 

In the case of PPI dendrimers, they have four bonds, in contrast with the seven bonds 

present in PAMAM dendrimers. Therefore, they are smaller in size. Both dendrimers 

have the same number of end groups, but they do not share the same generations. 

For example, the G3 of PPI dendrimers have 32 amino-terminal groups, and the G3 

of PAMAM dendrimers have 16 amino-terminal groups.58,60-63  

The PPI dendrimers are mainly synthesized by the divergent method, 

employing cores such as EDA and 1,4-diaminobutane (DAB).59,64,65 However, various 

other molecules with primary or secondary amine groups can also be used as the 

core.66 They are formed by an interior of tertiary tris-propyleneamines containing 

poly(alkylamines) and primary amines.67,68 The highest generation synthesized was 

G5.64,65  
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These dendrimers have good advantages and characteristics for biological 

applications and are extensively used for drug delivery. PPI dendrimers are available 

in the market from Dutch State Mines (DSM) (Netherlands), and Aldrich Chemical 

Company (Milwaukee, USA).34  

 

Figure 4- Schematic representation of the structure of a PPI dendrimer (left) and a PAMAM dendrimer (right). 

 

3 Applications of dendrimers  

The distinctive properties of dendrimers - monodispersity, nanometric size 

range, permeability across the biological membrane, multifunctional end groups, and 

numerous internal cavities - make these suitable for potential biomedical 

applications.34 

In 1982, for the first time, Maciejewski proposed the utilization of dendrimers 

as molecular carriers.69 Some applications of dendrimers include drug delivery, gene 

delivery (transfection), imaging and diagnostic contrast agents, and tissue 

engineering. Furthermore, they can directly act as drugs, such as antimicrobial and 

antiviral agents (particularly against HIV).26,70 

From the point of view of medical applications, a dendrimer carrying a 

molecule or nanoparticle must be present in the bloodstream long enough to reach 

or recognize its therapeutic site of action.71 The major obstacle to overcome is the 

opsonization by the mononuclear phagocytic system (MPS), also known as the 

reticuloendothelial system (RES). Opsonization consists of a process in which a 

foreign organism or particle becomes covered with opsonin proteins present in the 

blood serum, and phagocytosis can occur, destroying or removing the foreign 
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material from de bloodstream.71 These two processes can occur separately or 

together, making it the main clearance mechanism for removing strange 

components.71 A non-treat polymeric nanoparticle is often removed from the 

bloodstream in a few minutes by opsonization and sequestration in MPS organs, 

usually in the liver and spleen.71 As previously seen, one of the methods to go around 

this problem is by adding PEG chains on the dendrimers’ surface. These will create a 

hydrophilic protective layer that avoids opsonins’ adhesion, making the nanoparticles 

“invisible” to phagocytic cells.72 In general, nanoparticles coated with a hydrophilic 

polymer, such as poloxamines, poloxamers, polysaccharides, or PEG, prevent 

washing out, and remain in the bloodstream for a longer time, repelling plasma 

proteins and escaping from the opsonization and clearance.73-75 A study carried out 

by Peracchia et al. showed that 24h after injection, 40% of the PEGylated particles 

were found in the liver, while 90% of the “naked” particles were found in the liver 

after 3 min.76 

The size of the dendrimer also influences biodistribution. Macromolecules 

with a molecular weight lower than 30-50 kDa or a diameter of 5-6 nm are rapidly 

cleared from the blood and are facile eliminated in the urine by filtration at the renal 

glomerulus.77,78 However, studies have shown that particles with a hydrodynamic 

radius of over 200 nm typically exhibit a more rapid rate of clearance than particles 

with a radius under 200 nm, regardless of whether they are PEGylated or not.79 

Research undertaken by Porter et al. demonstrated that PEGylated nanoparticles 

with a diameter of 250 nm were mostly sequestered in the spleen and liver. In 

contrast, particles with a hydrodynamic radius lower than 150 nm were shown to 

produce an increased uptake of particles in the bone marrow of rabbits. Therefore, 

the size influences not only the half-time of nanoparticles circulation but also the final 

biodistribution.80  

Additionally, it has been reported that the surface charge will determine the 

destination in vivo of the nanoparticles. Dendrimers with neutral or anionic surface 

charges reduce the nonspecific interaction or opsonization. It has been reported that 

large molecules with neutral or weak anionic charges tend to escape the 

opsonization.71 Malik et al. claimed that anionic and neutral PAMAM dendrimers had 

a lower accumulation in the liver and higher blood circulation.81 On the other hand, 
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cationic PAMAM dendrimers are quickly cleared from the body with a low blood level 

and high accumulation in the liver, kidney, spleen, lung, and pancreas.43,45,82 Further, 

Xiao et al. demonstrated that nanoparticles with higher surface charge, either 

positive or negative, tend to get caught up by the macrophages. So, the surface 

charge had to be slightly negative to minimize the rapid clearance from the blood 

circulation and facilitate the accumulation at the tumor sites.83 Maeda confirmed this 

by concluding that the RES in the liver and spleen had swiftly taken up highly 

negatively charged nanoparticles.84 

To summarize, for the delivery systems to achieve the tumor site, they must 

persist in the systemic circulation and avoid renal excretion and the cells and organs 

of the RES.  

The following sections will discuss the dendrimers' applications as carriers for 

drug delivery, gene delivery, and imaging agents.  

 

3.1 Dendrimers in drug delivery  

As stated before, due to the particular properties of dendrimers, they are 

considered excellent potential carriers in drug delivery. Some advantages of using 

them include: enhancing the solubility of hydrophobic drugs and directing the drug 

to specific tissues, minimizing undesired interactions with healthy tissues (i.e. 

reducing the side effects). Further, these increase bioavailability.  

Also, dendrimers could protect the drug molecule from the biological 

environment, increasing their stability. Moreover, they allow the delivery of more 

than one molecule simultaneously, improve the drug passage through biological 

barriers, increase the half-time in circulation and achieve controlled and specific drug 

delivery. Furthermore, they can conjugate or encapsulate high molecular weight 

drugs and exhibit a high uptake by the cells. Finally, they provide the chance to 

passively target tumor tissues via the enhanced permeability and retention (EPR) 

effect.21,52,58,85-87 

 

3.1.1 Mechanism of drug-dendrimer interaction  

The structure of the dendrimers influences the number and type of drug 

molecules, which can be complexed with the dendrimer or incorporated into them. 
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As mentioned previously, as the molecular weight and generation of the dendrimer 

increases, the terminal units become more compact, which facilitates the 

encapsulation of molecules or nanoparticles in the channels within the globular 

dendrimer system.21 Plus, the higher dendrimer generations possess more functional 

groups for drug conjugation than lower generations.21,88 

Therefore, these allow the encapsulation of small molecules and 

nanoparticles in the channels within the sphere (physical encapsulation) or 

chemically fixate on the terminal groups covalently or via non-covalent interactions 

(hydrogen bonding and electrostatic attractions). Also, the drug can interact with 

various dendrimers forming a dendrimer-drug network (figure 5).70,89   

 

 

Figure 5- Schematic representations of how the drug interacts with the dendrimer: a) encapsulation; b) 
electrostatic interactions; c) covalent binding; d) dendrimer-drug networks. 

 

3.1.1.1 Physical encapsulation  

Dendrimers have the ability to encapsulate drugs physically. The empty 

internal cavities of the dendrimers are mostly hydrophobic, so poorly soluble drugs 

can interact through hydrophobic interactions.90,91 Moreover, the presence of 

nitrogen or oxygen atoms in the dendrimer branches can interact with the drug 

through hydrogen bond formations.92 
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Physical encapsulation has the advantage of a rapid and simple preparation 

without affecting the pharmacological drug activity. However, some disadvantages 

include low stability in terms of storage and premature drug release, batch-to-batch 

variation in concentration of a solubilized drug, and low-drug loading capacity.93,94 

 

3.1.1.2 Electrostatic interactions 

The high density of the functional groups on the surface of dendrimers (such 

as amine or carboxyl groups) can interact with hydrophobic drugs by electrostatic 

interaction. The ionizable functional groups attract drug molecules with opposite 

charges, providing an electrostatic bonding.90,95 Also, the primary amine and tertiary 

amine groups present within the core of PAMAM and PPI dendrimers are ionizable 

groups and offer potential sites for drug interaction.50 

 

3.1.1.3 Covalent conjugation  

The presence of numerous functional groups on the dendrimers surface 

makes them suitable for interacting with drugs through covalent bonds.96 Despite the 

last two approaches preserving the chemical integrity and pharmacological 

properties of the drug, the covalent attachment through chemical bonds allows 

better control over drug release.89  The drugs can be directly covalently conjugated 

to the dendrimers; through spacers, such as PEG and aminobenzoic acid, or by 

biodegradable linkages like ester or amide bonds.97 

 

3.1.2 Routes of administration  

Drugs are introduced into the body by various routes such as enteral (oral, 

sublingual, and rectum administration), parental (intravascular, intramuscular, 

subcutaneous, and inhalation administration), or topical (skin and mucosal 

membranes). The route of administration strongly influences the speed and efficacy 

of what the drug acts.98 

Dendrimers have been applied using different routes for drug delivery, 

including intravenous, intratumoral, intraperitoneal, oral, nasal, intravaginal, 

transdermal, pulmonary, and ocular routes. According to several studies, the 

intravenous route is the preferred way to deliver drugs using dendrimers.90,98  
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3.1.2.1 Intravenous/intraperitoneal/intratumoral drug delivery  

The intravenous route is the most rapid and straightforward method for 

delivering drugs into systemic circulation.99 But, some drugs, especially anti-cancer 

drugs, have poor water solubility, resulting in several side effects, such as hemolysis 

and phlebitis.100 These problems limit, in some cases, the application of the 

intravenous administration route.  

Dendrimers are a good alternative to solve these problems. As so, before 

applying dendrimers using the intravenous route, some considerations including the 

knowledge of the biodistribution in the body and the toxicity, need to be known.99,100   

 

3.1.2.2 Oral drug delivery  

The oral delivery system is the most common route of drug administration 

preferred by patients and clinicians. This route requires reduced administration costs 

for anticancer agents and facilitates the use of more chronic treatment regimens. 

However, some problems, like low aqueous solubility and poor permeability across 

the biological membrane, restricts its intake and application.101-103  

To overcome these problems, the drug is loaded into drug carriers, which 

should protect them from degradation and reduce the nonspecific interactions with 

food proteins. In addition, they should increase the absorption via intestinal 

epithelium.90,104 Further, they solve the solubility problem and improve the stability 

of drugs in the biological environment.90 Some studies have proven the potential of 

dendrimers as oral drug deliveries.105,106 

 

3.1.2.3 Transdermal drug delivery  

Transdermal drug delivery has revolutionized the pharmaceutical industry 

because it is a non-invasive method that allows the penetration of therapeutic agents 

through the skin.107 This route of administration eliminates the degradation in the 

gastrointestinal tract and maintains a constant therapeutic blood concentration of 

the drug for a longer time.90,108,109 Also, the sustained/prolonged delivery of 

therapeutic agents with this approach simplifies the dosing schedule.110 However, 

this administration method is limited due to the poor transcutaneous drug delivery 

rates because of the skin's barrier function.109  
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The dendrimers have been investigated for transdermal delivery of drugs due 

to their high water-solubility and biocompatibility, and given that they improve drug 

properties, such as solubility and plasma circulation time, for the efficient delivery of 

drugs.24 The dendrimer's permeability through the skin depends on physicochemical 

properties such as composition, size, concentration, molecular weight, and surface 

charge.111 These carriers are proving to be efficient as a transdermal delivery system 

of anticancer, antiviral, antimicrobial, non-steroidal anti-inflammatory (NSAIDs), or 

antihypertensive drugs.112-114 

 

3.1.3 Mechanisms of drug delivery through dendrimers  

When the dendrimers-drug conjugate is administrated, there are three 

mechanisms for drug delivery: the in vivo degradation of covalent bonds between 

drugs and dendrimers (dependent on the existence of enzymes); or an alteration in 

the biological microenvironment that’s able to break the chemical bond (like pH and 

temperature); or the release of the drug from the dendrimer through a physical 

change or stimulus that leads to the release (see section 4.2).88,96   

 

3.2 Dendrimers in gene delivery  

Gene therapy involves the introduction of new genetic material into the cells 

for the treatment of diseases.50,115 However, the delivery of genes into the nucleus 

and cytoplasm of a cell remains a challenge for researchers due to the necessity of a 

vector that can deliver the genetic material without deactivating or damaging the 

DNA.50  

The traditional method to introduce a therapeutic gene into cells involves the 

use of viral vectors, such as lentivirus, retrovirus, adeno-associated virus, and 

adenovirus-derived vectors. Despite this method achieving rapid and efficient gene 

transfection, some problems, like oncogenic transformation, pathogenic risk, and the 

induction of immune responses, limited their application.116 

So, natural and synthetic molecules (non-viral vectors) were implemented to 

deliver genetic material. Some advantages of this method include low production 

costs, easy fabrication and targeting ability, lower immune response, and no risk of 

transmission of infectious diseases.50,117-119  
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Dendrimers like PAMAM and PPI with terminal amino groups are good 

candidates for DNA delivery since they interact with the phosphate groups of nucleic 

acids by electrostatic interactions, helping the DNA to enter the internal structure of 

the dendrimer. So, the genetic material is protected from degradation by nucleases 

during delivery.120,121 Moreover, it is possible to deliver drugs and genes 

simultaneously using a suitable carrier.122 Numerous reports, including from our 

group, have been published about the successful utilization of dendrimers to deliver 

DNA into cells.123-127  

 

3.3 Dendrimers as imaging and diagnostic agents  

Imaging modalities can be used in oncology to diagnose, locate, and plan 

treatment.128 Dendrimers have been used as imaging agents in radiotherapy, as X-ray 

and Magnetic Resonance Imaging (MRI).129,130 

MRI is a non-invasive technique that provides high-quality-three-dimensional 

images to diagnose diseases. This technique is based on different relaxation times of 

protons in different tissues. Additionally, a contrast agent is added to increase the 

signal intensity.34,131 Different groups of contrast agents are established for clinical 

application, with gadolinium (Gd3+) chelates constituting the largest group of MRI 

contrast agents.131 Gadolinium-based contrast agents were approved by U.S. Food 

and Drug Administration (FDA) and European Medicine Agency (EMA) for MRI since 

they provided a greater contrast between normal and abnormal tissues in the brain 

and the body.132 Some issues with using these particles include no tissue specificity, 

low contrast efficiency, and fast excretion from the body. The concentration of the 

contrast agents could be increased to avoid these problems, although doing so could 

result in some unintended side effects. Additionally, they are also toxic due to their 

strong affinity for serum protein. So, researchers have been focusing on adding 

contrast agents in carriers, such as dendrimers.26,130 In the early 1990s, Lauterbur and 

colleagues demonstrated the first in vivo diagnostic imaging applications using 

dendrimer-based MRI contrast agents.133 

X-ray is an imaging device for organs and tissues, used in many clinical trials.134 

Normally, iodinated contrast agents are used. The conjugation of these with 

dendrimers has shown a greater retention time, permits targeted delivery, and 
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reduces toxicity.128 Furthermore, dendrimers conjugated with gold or silver 

nanoparticles were successfully used as contrast agents for X-rays imaging and 

proven to be more effective than iodine-based contrast agents.135-140 

 

4 Dendrimers in cancer diagnosis and treatment  

Cancer is one of the most lethal diseases in the world and causes over 10 

million deaths annually. In 2020, 19.3 million new cases were reported, with 

approximately 10 million deaths. Female breast cancer was the most diagnosed 

cancer type, with 2.3 million new cases, and lung cancer was the most mortal, with 

1.8 million deaths. In 2040, it is expected 28,4 million cases per year, an increment of 

47% when compared with 2020.141,142   

In a simplified way, cancer consists of an uncontrolled proliferation of 

abnormal cells, and because of the complexity of genetic and phenotypic levels, a 

permanent cure for cancer is yet to be discovered. The treatments involve the use of 

chemotherapeutic drugs, radiation therapy, surgical treatment, or biotherapy 

involving cancer immunotherapy.141,143 Sometimes, surgery cannot be employed, and 

radiotherapy can damage healthy cells around the tumor.144 Chemotherapy, 

introduced in 1950, is the most common therapeutic approach and consists of 

delivering anticancer drugs systemically to kill cancer cells by drug toxicity or by 

preventing cell division, either by discontinuing nutrient uptake or inhibiting the 

mechanism responsible for cell division.145-147 Nevertheless, one of the challenges is 

the capacity of anticancer drugs to distinguish a transformed cell from the healthy 

one and then provide a sufficiently high dose of toxic agent to selectively kill the cells 

without affecting the healthy cells around.52 Chemotherapy presents these adverse 

side effects because the free drug can circulate to most tissues in the body and 

accumulate at toxic levels in healthy tissues (such as the liver, spleen, kidney, and 

bone marrow).26,128 Moreover, the drug cannot penetrate and reach the core of solid 

tumors, failing to kill the cancerous cells.148 Another problem of most 

chemotherapeutic drugs is hydrophobicity, which results in low water solubility and, 

consequently, difficulties in the efficient delivery into cells.24 Furthermore, low 

molecular weight drugs, when in the bloodstream, are quickly filtered and removed 
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through the kidneys.26,52 So, applying nanoparticle technology to cancer therapies 

might overcome these obstacles. Further, it is possible to combine both diagnostics 

capabilities and therapy within a single entity, using nanoparticles - theranostic.149  

Currently, some based drug delivery systems for cancer treatments that are 

on the market or under research and evaluation include dendrimers, polymeric 

micelles, liposomes, nanocapsules, nanospheres, and nanotubes.150,151   

 

4.1 Strategies for delivery of the drug-nanoparticle conjugate 

into tumor  

There are two strategies for delivering the drug-nanoparticle conjugates in 

cancer tissues: passive targeting and active targeting. 

  

4.1.1 Passive targeting (Enhanced Permeability and Retention (EPR) 

effect) 

As the tumor size increases, a natural phenomenon called angiogenesis is 

induced. It consists of creating new blood vessels to supply oxygen and nutrients to 

the tumor cells.152 These new blood vessels within the tumor are irregular in shape, 

dilated, leaky, or defective, and the endothelial cells are poorly aligned or 

disorganized with large spaces between them.153 These defects allow leakage of the 

blood plasma components, such as macromolecules, nanoparticles, and lipidic 

particles, and their accumulation in the tumor tissue due to the limited lymphatic 

drainage. This event is termed the EPR effect (figure 6).153 The EPR effect was first 

reported by Matsumura and Maeda, in 1986, during an experiment using polymer-

protein conjugates with approximately 80 kDa, and they verified the preferential 

accumulation of these materials in the tumor tissues.154 
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Figure 6- Schematic representation of the EPR Effect in solid tumors.155 

 

The drug—encapsulated nanoparticles utilise the EPR effect for the passive 

delivery of the drugs in the tumor cells. It is possible to attain very high 

concentrations at the tumor site - 10–50-fold higher than in normal tissue, within 1–

2 days. This results in an increment of bioavailability of the drug to the diseased 

tissues resulting in a decrease in the side effects.153 It is currently thought that the 

diameter of nanoparticle therapeutics for cancer should be between 10-100 nm to 

achieve the EPR effect. Particles with a diameter lower than 10 nm tend to be 

secreted by the kidney, and with a diameter superior to 100 nm are susceptible to 

phagocytic by the RES.156-158 However, the porosity of vasculature varies depending 

on the cancer type and the affected organ and can vary from patient to patient.159 A 

review published in 1992 establishes that liposomes with a size range between 70-

200 nm accumulate in the tumor cells by EPR effect. Increasing the size over 200 nm, 

the liposomes are uptake in the spleen. This is in concordance with what was 

previously stated: particles with a size superior to 200 nm are most facile captured 

by the RES.160 Another study showed that liposomes loaded with daunorubicin, an 

antibiotic belonging to the anthracycline group used in cancer therapy, with a 

diameter of 142 nm, exhibited an inhibitory effect against Yoshida sarcoma. In 

contrast, liposomes with diameters 57–58 nm and 272 nm had little to no effect.161 
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The FDA has approved a conjunct of nanoparticles for chemotherapeutic 

delivery, such as a liposomal delivery system of doxorubicin (DOX), the Doxil 

(approved 1995); an albumin-based nanoparticle delivery system of paclitaxel, the 

Abraxane (approved 2005); and in South Korea and Europe a polymeric micelle 

delivery vehicle of paclitaxel, the Genexol-PM (approved in Korea 2007), has been 

approved for the treatment of breast cancer.143,157,162 These delivery systems are 

passively targeted formulations and can suffer a few limitations.  

Some problems with passive targeting include the eventual delivery off target, 

resulting in multidrug resistance in later stages, and some cancers do not exhibit the 

EPR effect.135,163,164 Additionally, passive targeting cannot promote the uptake of 

nanoparticles by the cancer cells, staying in the tumor interstitium.165 To overcome 

these problems, the active targeting strategy was introduced.  

 

4.1.2 Active targeting  

In the case of active targeting, a targeting moiety is added to the nanoparticle 

system to bind and deliver the drug to the right cells based on molecular recognition 

processes, such as ligand-receptor, antibody-antigen, or any other form of molecular 

recognition. Due to their genetic defects, tumor cells have highly expressed receptors 

on their surface compared to restricted expression in normal cells.77,143,149,157  

A diversity of tumor-targeting ligands, like antibodies, folate or growth 

factors, and cytokines, have been used to facilitate the uptake of carriers into cells.166 

The first agents used for targeting nanocarriers were antibodies. In 1975, a 

monoclonal antibody was introduced to bind to specific tumor antigens.167 The first 

one approved by the FDA for clinical applications was the murine monoclonal 

antibody Muromonab CD3 (OrthoClone OKT3®). These reverse graft rejections by 

probably blocking the T cells' function, which plays a major role in acute allograft 

rejection.168,169 Artificially engineered antibodies have also been reported.170,171 In 

addition, monoclonal antibodies or antibody fragments can reduce immunogenicity 

and improve pharmacokinetics.170,171 

Furthermore, the drug-encapsulated nanoparticle must enter the cell before 

starting the drug dispersal.146 Sometimes, it is necessary to utilize strategies for 

receptor-mediated cell internalization.73 The specific receptors overexpression is 
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dependent on the type of tumor. Human cancers, like the ovary, lung, breast, 

endometrium, kidney, and brain, greatly express folate receptors (FAR). The folate 

molecules can bind to these receptors with high affinity when conjugated in a 

nanoparticle system and be shuttled into the cell via an endocytic mechanism.172,173 

The Human epidermal growth factor 2 (HER2) receptor is overexpressed in 

approximately 25% of invasive breast cancers.174 Nanoparticles conjugated with 

humanized monoclonal antibody trastuzumab, have been shown to target these 

receptors. These are able to internalize after antibody binding HER2.175,176 

The epidermal growth factor receptor (EGFR) is frequently overexpressed in 

many cancers like colon, lung, ovarian, neck, head, pancreatic, kidney, prostate, and 

especially breast cancer.177 A chimeric human-murine monoclonal antibody, 

cetuximab, can bind competitively with a high affinity to the EGFR, rendering it a 

potential target for anticancer therapy.178 

In prostate cancer, the tumor antigen overexpressed is the Prostate-specific 

membrane antigen (PSMA). Through the monoclonal antibody J591, nanoparticle 

systems can deliver the drug or detect prostate cancer.165,179,180  

Furthermore, it is possible to add aptamers to the nanocarriers. This consists 

of short single-stranded DNA or RNA oligonucleotides capable of binding to specific 

biological targets, most often proteins.181  

 

4.2 Stimuli-responsive nanoparticles   

The activation or release of a compound out of a tumor site can result in side 

effects and a reduction of the therapeutic potential of a drug. The development of 

smart systems allows control over this through either the difference between 

cancerous and normal cells (internal stimuli) or by activation through a source outside 

of the cell (external stimuli).182 In the following sections, examples of each of these 

stimuli are presented. 

 

4.2.1 Internal stimuli 

Some internal stimuli include alterations in pH, enzymatic activity, and 

potential redox.  
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Under normal conditions, the pH of the blood and tissues is tightly controlled 

at around 7.4. On the other hand, cancer cells have an extracellular acidic 

environment, between 6.5 to 7.0.183,184  The main reason for that is that with the lack 

of oxygen, the tumor cells produce energy through anaerobic glycolysis, which results 

in lactate secretion.185 However, the intracellular cytoplasm in cancer cells has a 

higher pH than normal cells, which has been demonstrated to facilitate cell 

proliferation and tumor growth.183 The lysosomal compartment within the cell has an 

acidic environment. However, while normal cells have a pH between 4.5-6.5, in 

cancer cells pH can be below 4.5.186 This difference makes the lysosomes good targets 

for internal release.187 Exploring the pH differences makes it is possible to allow 

external drug release in the tumor microenvironment, or intracellular drug release in 

the lysosomes or endosomes (pH≈5).187 The release in the acidic microenvironment 

of the tumor, sometimes might result in penetration problems when the tumor mass 

is too dense. In most cases, the nanoparticle system needs a targeting ligand to 

release in the cytoplasm.157  

The differences in pH between these compartments has become an attractive 

strategy for drug delivery, and extensive studies have been carried out exploring this 

approach. Muniswamy et al. created a DOX-loaded PLGA (Poly-(lactic-co-glycolic 

acid)) nanoparticle core that, when in the endosome, the polymer is degraded and 

the DOX is released.188 Kim et al. developed a FAR-targeted-DOX-loaded polymeric 

micelle for targeting the folate receptors in ovarian tumors. After endocytosis, the 

drug was released into the acidic environment of the endosome.189 

Another characteristic of tumor tissues is the higher expression of enzymes 

when compared with normal tissues.182 The breast, ovarian, and pancreatic cancers 

show the expression of cathepsins. Polymers such as poly-L-lysine hydrobromide 

(PLL) can be used for coating particles that incorporate a drug since they are degraded 

by lysosomal cathepsin B.190-192 The intracellular class of enzymes glycosyl hydrolases, 

that catalyse the hydrolyses of glycosidic bonds, can degrade the dextrin molecule 

inducing drug release.193,194 Protein tyrosine kinase-like 7 (PTK-7) has been shown to 

have significantly high expression levels in some specific cancer types. They follow a 

subgroup of kinases without catalytic activity but have a significant role in signal 

transduction. Huang et al. reported an aptamer-lipid-PLGA hybrid for the delivery of 
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DOX and paclitaxel. The aptamer interacts with the PTK-7, and a modification in the 

structure of the carrier releases the drug.195,196 In the clinical context, Xyotax® is a 

pioneer protease-reactive drug for the release of paclitaxel. The release depends on 

the enzyme's degradation of the poly-(L)-glutamic acid (PLLA).197  

Another stimulus uses the differences in the redox potential between the 

extracellular and intracellular spaces. Once intracellular cytoplasm has more reducing 

species, mainly glutathione (GHS), it is more reducing than the outside of the cell. 

Taking advantage of this, redox-activated drug delivery systems can release or 

activate the drug in the intracellular space.181-200 One experiment using smart release 

nanoparticles combined HA (hyaluronic acid)-based active and redox-responsive 

targeting achieved a release of up to 92% by using the characteristic reductive 

conditions of the intracellular space.201 

 

4.2.2 External stimuli 

Applying heat, light, or a magnetic field makes it possible to release or activate 

the compound at a specific time and location.157 These are applied from outside the 

body with spatial and temporal control.202 

Cancer cells are more sensitive to changes in temperature. The application of 

mild heat (up to 41°C-43°C) to the body, or hyperthermia, represents a potential 

cancer treatment.203 Temperature-responsive drug delivery systems have been 

explored. In the case of temperature-responsive polymers, these can change their 

characteristics, such as solubility, or conformation, in response to the environmental 

temperatures.204 

Magforce developed the NanoThermTM therapy, which has been tested in 

clinical trials for glioblastoma. They convert electromagnetic energy into heat by 

applying a magnetic field in magnetic nanoparticles. The magnetic field causes a rapid 

change in the nanoparticle's magnetic orientation, activating the particles and 

resulting in heat. The temperature in the tissues can achieve 80°C and destroy the 

cancer cells.182 A heat-activated DOX liposome, ThermoDox®, is in Phase III of clinical 

trials. This system allows the release of DOX into and around the tumor, with heat 

and ultrasound activation.205,206  
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The use of light, UV/visible or near-infrared light, has been used in biomedical 

applications. They can induce a change in the structure of the delivery system or the 

cleavage of chemical bonds. Photochromic compounds have been extensively 

applied to create light-responsive nanoparticles. These molecules show the 

reversible isomeric transformation.204 Zhao and co-workers created a system that 

changes its morphology through photo-isomerization of azobenzene units, using UV- 

visible light with a certain wavelength.207 

 

5 Dendrimers in the market and clinical trials 

Although dendrimers have all these promising characteristics, few dendrimer-

based products are on the market. One of the most popular products in the market 

is VivaGel®, developed by Starpharma, an antiviral that also blocks bacteria. Several 

clinical studies have successfully tested the safety and efficacy of VivaGel® for 

treating and preventing bacterial vaginosis. Further, laboratories studies have proven 

the antiviral activity of VivaGel® against HIV, herpes simplex, hepatitis B, human 

papillomavirus infection (HPV), Zika, adenovirus, respiratory syncytial virus (RSV), and 

SARS-CoV-2 (the coronavirus that causes COVID-19).208 

Dendrins, a molecular diagnostic company, developed DendrisChip 

technology for DNA microarray tests. It consists in functionalizing supports with 

phosphorous dendrimers to fix oligonucleotides in special probes, allowing higher 

detection sensitivity. This product is useful for respiratory and sexual diseases, 

medical diagnosis, and food pathogen detection.209 

Genisphere and ChemBio Diagnostic Systems Inc., created the 3DNA 

Dendrimer for fast diagnostic tests for infectious diseases. Thus, dendrimers have 

been employed to enhance the sensibility of numerous assay platforms for protein 

and acid nucleic detection.210 

Other products available include the Stratus® CS Accurate Care TM for cardiac 

diagnostic testings and the Superfect®, which is a transfection agent.211,212 

In clinical trials are the DEP® docetaxel and DEP® cabazitaxel, from 

Starpharma, which consist of drug carriers that increase the drug water solubility of 

docetaxel and cabazitaxel.213,214 Docetaxel is a drug for solid tumor, incluiding breast, 
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prostate, and lung cancers. DEP® systems allow obtaining controlled release and 

present a plasma half-time 40x longer than free docetaxel.210 This system is currently 

in phase II studies, which focuses on determining the anti-tumor activity, overall 

safety, tolerability, and pharmacokinetics parameters.213 Cabazitaxel is a drug for 

advanced prostate cancer usage. Conjugated with the DEP®, it increases the 

therapeutic window, decreases bone marrow toxicity, and enhances drug efficacy. 

Currently, DEP® cabazitaxel is in clinical phase I/II for solid tumors.210,214  

The PLL dendrimer functionalized with 24 macrocyclic complexes of Gd3+ on 

the surface, named Gadomer-17, provides a high-relaxivity agent for MRI. This 

compound has been injected for imaging of the aortoiliac region and then into 

patients with coronary artery disease, allowing an improved detection.215,216  

AstraZeneca is currently in phase I of clinical trials as an inhibitor of Bcl2/xL 

protein, the AZD 0466, based on DEP® technology of Starpharma, for the treatment 

of solid tumors and hematological malignancies.210,217 

Also, in phase I for breast cancer is MAG-Tn 3, which consists of a dendrimer-

based vaccine .218  

A fourth-generation PAMAM functionalized with OH and N-acetyl cysteine, 

labelled OP-101, has shown anti-inflammatory and anti-oxidant activity against 

microglia cells.219,220 

A third-generation PAMAM- hydroxyl dendrimer was used in clinical phase I 

trials for specific positron emission tomography (PET) imaging and radiotherapy to 

detect inflammatory sites or tumors. They have radionuclides, in particular, 18F.220 

More recently, a nasal spray to prevent COVID-19 infections was created. 

VIRALEZETM is based on a generation-four dendrimer bearing 32 Sodium 1-

(Carboxymethoxy)naphthalene-3,6-disulfonate on the surface. This product is in 

clinical trials in Australia.221,222  

 

6 Hydroxychloroquine for the treatment of cancer 

Hydroxychloroquine (HCQ) is an immunomodulatory drug that has been used 

for 60 years to treat malaria and autoimmune diseases, and potential new uses and 

benefits continue to emerge from it.223  This drug has shown to be beneficial for many 
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rheumatological, cardiovascular, and dermatological conditions, and there is growing 

evidence that supports its therapeutic potential in oncology, HIV infection, chronic 

kidney disease, and a variety of nonmalarial infections.224 Some side effects can be 

associated with the use of HCQ, including retinopathy, hyperpigmentation, 

myopathy, and skin reactions.223  

In cancer treatment, the HCQ acts as an inhibitor of autophagy. Autophagy is 

a natural process by which cellular material is delivered to the lysosome for 

degradation and recycling to maintain cell and tissue homeostasis in all eukaryotes. 

It plays an important role in multiple physiological processes, including 

differentiation, normal growth, development, and immunity.225-228 Under normal 

conditions, autophagy can prevent the development of malignant transformations. 

However, once cancer is established, autophagy supports the progression and 

metastatic dissemination, increasing the ability of cells to adapt to adverse 

microenvironmental conditions and chemotherapy treatments.229-234 It has been 

reported that autophagy induction is a mechanism of chemoresistance.235 Moreover, 

it has been proven that several tumor types use autophagy as a survival 

mechanism.236-238  The relationship between autophagy and cancer is complex and 

may depend on the tumor type, stage of tumorigenesis, and environment.230,239,240 It 

has been reported by various studies that the combination of anticancer drugs with 

pharmacologic or genetic autophagy inhibition can improve antitumor 

effects.229,235,241  

The HCQ and chloroquine (CQ) are the only available autophagy inhibitors in 

the clinical market.242 The HCQ, compared to CQ, is less toxic in long-term dosing and 

exhibits similar potency.240 However, the mechanism of how these drugs inhibit 

autophagy is not fully understood. We know these drugs are weak bases that 

accumulate in the acidic environment of lysosomes, increasing the pH of these 

compartments and blocking the fusion with autophagosomes.235,243 The HCQ 

molecule has three nitrogens with pKa values of 4.0, 8.3, and 9.7. In the lysosome, it 

can be protonated and cannot easily diffuse back into the cytosol.244-246 Nonetheless, 

in the acid tumor microenvironment, the HCQ has difficulty crossing the cell 

membrane. This difficult cellular uptake limits the efficacy of HCQ in autophagy 
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inhibition.247 To overcome these limitations, HCQ could be encapsulated into a 

nanocarrier and target the drug to the tumor.248,249  

Preclinical studies showed that HCQ increases tumor cell death by itself or by 

enhancing tumor death in combination with targeted agents or cytotoxic 

chemotherapy.250 This lysosomotropic agent induces lysosomal membrane 

permeabilization, activating the mitochondrial pathway of apoptosis.251,252 Some 

studies showed that the inhibition of autophagy using HCQ could induce cell death of 

myeloma, lymphoma, and hepatocellular carcinoma cells.253,254 A study carried out by 

Bray et al. has proven that HCQ enhances the cytotoxicity of temsirolimus against 

renal cell carcinoma cell lines in vitro.255,256  The same synergetic effect was observed 

when administered HCQ with gefitinib, which resulted in a significant increase in cell 

death of breast cancer cell lines.257 Some studies conclude that autophagy can 

promote the therapeutic activity of specific antineoplastic agents.253,254,258-264 

However, there is no agreement about it. Some studies also show that tumor cell 

death decreases by inhibiting autophagy, and tumor growth increases after drug 

treatment.235 In addition, the whole-body inhibition of autophagy may favour the 

insurgence of treatment-related neoplasms, infectious diseases, neurodegenerative 

conditions and promote immunosuppression.265   

So, the inhibition of autophagy per se can positively or negatively affect cancer 

therapies. There is evidence that autophagy can prevent or promote cancer and kill 

or protect cancer cells after treatment with anti-cancer drugs and radiation.241   

Based on the previous evidence, the HQC encapsulation in nanocarriers, like 

dendrimers, could lead to a different in situ behavior of this autophagy inhibitor, with 

reflexes in the control of cancer cell progression and tumor evasion. 

 

7 Doxorubicin for the treatment of cancer  

The DOX is an anthracycline antibiotic approved by the FDA that has been the 

base of cancer therapy for a long time. It has commonly used in chemotherapy to 

treat breast, lung, stomach, bladder, ovaries, thyroid, soft tissue sarcoma, multiple 

myeloma, and Hodgkin´s lymphoma cancers.266,267  
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The antitumor activity of DOX is associated with the ability to intercalate into 

the DNA helix and/or bind covalently to proteins involved in DNA replication and 

transcription. This results in the inhibition of DNA, RNA, and protein synthesis, 

resulting in cell death.268,269   

A range of side effects, including stomatitis, alopecia, anemia, neurologic 

disturbances, cumulative cardiotoxicity, and gastrointestinal disturbances, are 

associated with the use of DOX.270 So, several efforts, including the development of 

novel anthracycline analogues, low-dose usage, and co-administration with 

cardioprotective agents and nanocarriers for encapsulation, have been made to 

reduce the toxicity of conventional anthracyclines.271-273   

There are several liposomal systems for DOX carriers, such as Doxil® 

(previously cited), Myocet®, and Nudoxa®. Several studies using dendrimers for 

encapsulated DOX have been reported, including some by our team.274-277 
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8 Goals and objectives of the thesis   

The objective of this thesis was to prepare and characterize anionic poly 

(alkylidenamine) carboxylate and sulfonate dendrimers for the transport and delivery 

of the HCQ into cancer cells. The specific aims to achieve were: 

• Synthesize and characterize by NMR the G0 to G3 PPI nitrile dendrimers 

from 1,6-hexanediamine (core); 

• Synthesize and characterize by NMR the G0 to G3 PPI amine dendrimers; 

• Synthesize and characterize by NMR, ATR-FTIR, DLS, Zeta Potential, and 

MS the G1 to G4 anionic sulfonate and carboxylate PPI dendrimers; 

• Encapsulate the drug into the anionic dendrimers (G1, G2, and G3), and 

characterized by NMR, ATR-FTIR, and zeta potential; 

• Evaluate the cumulative release of sHCQ in vitro in PBS at pH 7.4 and 5; 

• Determine the hemolysis of the anionic dendrimers and sHCQ; 

• Evaluate the cytotoxicity of the compounds in a cancer cell line (MCF-7) 

and a non-cancer cell line (BJ cells).  

• Evaluate the cytotoxicity of the compounds in combination with the free 

DOX in the cell line MCF-7 and the eventual synergistic effect.  
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9 Materials and methods 

9.1 Materials and reagents  

All solvents and reagents were purchased from commercial sources and used 

as received unless otherwise reported. The 1,6-hexanediamine 99.5+%, acrylonitrile 

99+%, borane dimethyl sulfide complex 94%, methanol 99.8% extra dry, methyl 

acrylate 99%, and hydroxychloroquine sulfate (sHCQ) 98%, were obtained from Acros 

Organics. Anhydrous tetrahydrofuran (THF) was obtained from a solvent purification 

system (mBraun MB SPS-800) and stored in a nitrogen atmosphere shortly before 

use. Sodium vinyl sulfonate was acquired from TCl. Sodium hydroxide was obtained 

from Fisher Scientific. Methanol was acquired from Chem-Lab. Chloroform, n-

hexane, and diethyl ether were from AnalaR NORMAPUR VWR. Ethyl acetate was 

from PanReac AppliChem. DOX was purchased from the Biosynth Carbonsynth.  

Dialysis membranes were obtained from Spectrumlabs (MWCO 100-500 Da, 

MWCO 500-1000 Da).  

The RPMI (Roswell Park Memorial Institute) 1640 medium, MEM (Minimum 

Essential Medium) medium, and D-MEM (Dulbecco's Modified Eagle Medium) 

medium were obtained from Gibco, as well the antibiotic-antimycotic (AA), the fetal 

bovine serum (FBS), the non-essential amino acids (NEAA) and the human insulin. The 

sodium pyruvate is from Sigma-Aldrich.  

 

9.2 Dendrimers synthesis and characterization  

All the dendrimers were characterized by 1H- NMR and 13C- NMR, ATR- FTIR, 

dynamic light scattering (DLS), and mass spectroscopy (MS) to confirm the 

successfulness of the reactions.  

The NMR (Nuclear Magnetic Resonance) characterization was performed 

using Bruker Avance ll+ 400 MHz equipment with a probe temperature of 25°C. The 

chemical shifts (, ppm) were measured relative to residual ¹H and ¹³C, and 

deuterated water (D₂O) and deuterated chloroform (CDCl₃) were used as solvents. 

About 20 mg of the samples were dissolved in 540 μL of the respective solvent. The 

amine-, carboxylate- and sulfonate- terminated dendrimers were dispersed in D₂O. 
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The methyl ester dendrimers and the nitrile-terminated dendrimers were dissolved 

in CDCl₃. 

The ATR-FTIR (Attenuated total reflectance - Fourier transform infrared 

spectroscopy) spectra were obtained using a Perkin Elmer Spectrum TwoTM 

spectrometer in the range of 400 - 4000 cm-1, with a number of 32 scans.  

The size and zeta potential were measured using a Zetasizer Nano ZS with a 

He-Ne laser with a 633 nm wavelength from Malvern lnstruments Ltd. UK, at 25°C. 

The samples were dissolved in filtrated distilled water (0.2 µm filter) to measure the 

zeta potential and, to determine the size in one solution of 100 mM of NaCl (using 

filtrated distilled water (0.2 µm filter)), at a concentration of 0.5 mg/mL. Before 

measurements, all samples were filtrated with a 0.2 µm filter. Three measurements 

were done for the zeta potential analysis, corresponding to 30 runs each, and for the 

size experiments, 20 runs for each sample were done. Disposable folded capillary 

cells were used for the zeta potential analysis.  

Mass Spectrometry (MS) spectra were obtained by a Bruker Autoflex maX 

Matrix-Assisted Laser Desorption and Ionization (Time-of-Flight) 2 Mass 

Spectrometer. The 2,5- dihydroxybenzoic acid (2,5- DHB) dissolved in methanol was 

used as the matrix.  

 

9.2.1 Synthesis of nitrile poly(alkylidenamine) dendrimers (GxCN) 

The synthesis of nitrile poly(alkylidenamine) dendrimers (GxCN) was 

performed following an experimental procedure previously developed by our team, 

with some modifications.278 Firstly, 1,6- hexanediamine was dissolved in distilled 

water at room temperature. Acrylonitrile was added dropwise, stirring the mixture 

for 3h at 48 °C under a nitrogen atmosphere. After this, the temperature was 

increased to 80°C, and acrylonitrile was added dropwise. The reaction was carried 

out for 3h, after which the solvent was removed by vacuum. For the next generations 

the reaction was carried out for 4h at 48°C and then 4h at 80 °C, under a nitrogen 

atmosphere. In the case of G2 and G3, methanol was used as the solvent. The 

obtained yellow oil was dissolved in chloroform (20 mL) and washed seven times with 

distilled water (7 x 15 mL). The highest generation was washed less times (5x) and 
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with less solvent (5-20 mL), depending on the amount of product. The final product 

was obtained after drying under vacuum (figure 7).  

 

Figure 7- Structures of nitrile dendrimers synthesized (G0-G3). 

 

9.2.1.1 G0CN dendrimer 

For the synthesis of G0 nitrile dendrimer (G0CN), 10.82 g of 1.6-

hexanediamine (93.1 mmol) was dissolved in 90 mL of distilled water. 23.1 mL of 

acrylonitrile (353.7 mmol, 3.8 eq. mol) was added twice to obtain 26.8 g of G0CN with 

a yield of 88%. 1H NMR (400 MHz, CDCl3) = 2.85-2.81 (-CH2CN). 13C NMR (100 MHz, 

CDCl3) = 118.31 (-CH2CN).  

9.2.1.2 G1CN dendrimer 

First batch: To obtain G1 nitrile dendrimer (G1CN), 2.07 g of G0NH₂ dendrimer 

(6.0 mmol) dissolved in 60 mL of distilled water, reacted with 2.99 mL of acrylonitrile 

(45.6 mmol, 7.6 eq. mol), added twice, to obtain 2.65 g of G1CN with a yield of 57%. 

1H NMR (400 MHz, CDCl3) = 2.86-2.82 (-CH2CN). 13C NMR (100 MHz, CDCl3) = 118.93 

(-CH2CN). 

Second batch: G1CN was obtained using 1.13 g of G0NH₂ dendrimer (3.3 

mmol) dissolved in 50 mL of distilled water and 1.49 mL of acrylonitrile (25 mmol, 7.6 
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eq. mol), added twice, to obtain 1.28 g of G1CN with a yield of 55%. 1H NMR (400 

MHz, CDCl3) = 2.86-2.82 (-CH2CN). 13C NMR (100 MHz, CDCl3) = 118.38 (-CH2CN). 

Third batch: 1.98 g of G0NH₂ dendrimer (5.8 mmol) was dissolved in 60 mL of 

distilled water, and 2.9 mL of acrylonitrile (43.7 mmol, 7.6 eq. mol), added twice, to 

obtain 2.21 g of G1CN with a yield of 50%. 1H NMR (400 MHz, CDCl3) = 2.86-2.83 (-

CH2CN). 13C NMR (100 MHz, CDCl3) = 118.37 (-CH2CN). 

Fourth batch: 2.61 g of G0NH₂ dendrimer (7.6 mmol) dissolved in 60 mL of 

distilled water reacted with 3.77 mL of acrylonitrile (57.6 mmol, 7.6 eq. mol), added 

twice, to obtain 2.99 g of G1CN with a yield of 51%. 1H NMR (400 MHz, CDCl3) = 2.86-

2.83 (-CH2CN). 13C NMR (100 MHz, CDCl3) = 118.36 (-CH2CN). 

9.2.1.3 G2CN dendrimer 

First batch: To obtain the G2 nitrile dendrimer (G2CN), 1.5 g of G1NH₂ 

dendrimer (1.9 mmol) dissolved in 50 mL of distilled water and 1.86 mL of 

acrylonitrile (28.4 mmol, 15.2 eq. mol), added twice, resulted in 1.15 g of G2CN with 

a yield of 37%. 1H NMR (400 MHz, CDCl3) = 2.86-2.83 (-CH2CN). 13C NMR (100 MHz, 

CDCl3) = 118.42 (-CH2CN). 

Second batch: 0.77 g of G1NH₂ dendrimer (1.0 mmol) dissolved in 40 mL of 

distilled water reacted with 0.96 mL of acrylonitrile (14.7 mmol, 15.2 eq. mol), added 

twice, to obtain 0.34 g of G2CN with a yield of 21%. 1H NMR (400 MHz, CDCl3) = 2.86-

2.83 (-CH2CN). 13C NMR (100 MHz, CDCl3) = 118.4 (-CH2CN). 

Third batch: 2.16 g of G1NH₂ (2.7 mmol) dendrimer was dissolved in 60 

methanol, and 2.69 mL of acrylonitrile (41 mmol, 15.2 eq. mol) was added twice. We 

obtained 1.83 g of G2CN with a yield of 41%. 1H NMR (400 MHz, CDCl3) = 2.86-2.83 

(-CH2CN). 13C NMR (100 MHz, CDCl3) = 118.51 (-CH2CN). 

9.2.1.4 G3CN dendrimer  

First batch: The G3 nitrile dendrimer (G3CN) was obtained using 0.48 g of 

G2NH₂ (0.3 mmol) dendrimer dissolved in 30 mL of methanol and 0.55 mL of 

acrylonitrile (8.4 mmol, 30.4 eq. mol) was added twice, to obtain 0.5 g of G3CN with 

a yield of 54%. 1H NMR (400 MHz, CDCl3) = 2.83 (-CH2CN). 13C NMR (100 MHz, CDCl3) 

= 116.21 (-CH2CN). 
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Second batch: 0.22 g of G2NH₂ (0.1 mmol) dendrimer was dissolved in 30 mL 

of methanol, and 0.25 mL of acrylonitrile (3.8 mmol, 30.4 eq. mol) was added twice, 

and 0.22 g of G3CN was obtained with a yield of 51%. 1H NMR (400 MHz, CDCl3) = 

2.82 (-CH2CN). 13C NMR (100 MHz, CDCl3) = 118.7 (-CH2CN). 

 

9.2.2 Synthesis of amine poly(alkylidenamine) dendrimers (GxNH2) 

According to the procedure of Pan et al.,279 the nitrile-terminated dendrimers 

were dissolved in anhydrous THF under a nitrogen atmosphere, and  borane dimethyl 

sulfide complex (5 eq. per nitrile group) was added using a syringe. The reaction was 

carried out for 48h at room temperature. Then, extra dry methanol was added slowly 

at 0°C, until no reaction was observed. The volatiles were removed by vacuum, and 

the final product was dissolved in fresh extra dry methanol and heated to reflux 

overnight at 70°C. Some modifications were done, including increasing the reaction 

time to 72h and reducing the reagent to 2.5 eq. per nitrile group in the G2 and G3. 

After this, the solvent was removed, and the residual oil was dissolved in water (50 

mL) and washed with diethyl ether (7 x 20 mL), hexane (7 x 20 mL), and ethyl acetate 

(1 x 20 mL). The highest generation was washed less times (5x) and with less solvent 

(5-15 mL). The final product was dried under a vacuum (figure 8).  

 

Figure 8- Structures of amine dendrimers synthesized (G0-G3). 
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9.2.2.1 G0NH2 dendrimer  

First batch: The synthesis of G0 amine dendrimer (G0NH2) started with 5.03 g 

of G0CN dendrimer (15.3 mmol), and 100 mL of anhydrous THF was added. Then, 

29.01 mL of borane dimethyl sulfide complex (306.3 mmol, 5 eq. per nitrile group) 

was added to obtain 5.22 g of G0NH2 with a yield of 99%. 1H NMR (400 MHz, D2O) = 

1.90 (-CH2NH2), 2.79-2.76(-CH2NH2). 13C NMR (100 MHz, D2O) = 38.17 (-CH2NH2). 

Second batch: 5.06 g of G0CN (15.4 mmol) was dissolved in 100 mL of 

anhydrous THF, and 29.2 mL of borane dimethyl sulfide complex (308.2 mmol, 5 eq. 

per nitrile group) was added to obtain 4.59 g of G0NH2 dendrimer with a yield of 87%. 

1H NMR (400 MHz, D2O) = 1.91 (-CH2NH2), 2.83-2.79(-CH2NH2). 13C NMR (100 MHz, 

D2O) = 37.99 (-CH2NH2). 

9.2.2.2 G1NH2 dendrimer 

First batch: To obtain the G1 amine dendrimer (G1NH₂), 1.74 g of G1CN (2.3 

mmol) dissolved in 40 mL of anhydrous THF, reacted with 8.53 mL of borane dimethyl 

sulfide complex (90.3 mmol, 5 eq. per nitrile group), to obtain 1.21 g of G1NH₂ 

dendrimer with a yield of 67%. 1H NMR (400 MHz, D2O) = 1.91 (-CH2NH2), 2.83 (-

CH2NH2). 13C NMR (100 MHz, D2O) = 37.99 (-CH2NH2). 

Second batch: 0.88 g of G1CN (1.1. mmol) dissolved in 20 mL of anhydrous 

THF, 4.32 mL of borane dimethyl sulfide complex (45.7 mmol, 5 eq. per nitrile group) 

was added. We obtained 0.77 g of G1NH₂ with a yield of 85%. 1H NMR (400 MHz, D2O) 

= 1.90 (-CH2NH2), 2.91-2.88 (-CH2NH2). 13C NMR (100 MHz, D2O) = 37.71 (-CH2NH2). 

Third batch: 1.76 g of G1CN (2.3 mmol) dissolved in 40 mL of anhydrous THF 

was added 8.8 mL of borane dimethyl sulfide complex (91.7 mmol, 5 eq. per nitrile 

group), to obtain 1.5 g of G1NH₂ with a yield of 82%. 1H NMR (400 MHz, D2O) = 1.90 

(-CH2NH2), 2.88-2.86 (-CH2NH2). 13C NMR (100 MHz, D2O) = 37.87 (-CH2NH2). 

Fourth batch: 2.99 g of G1CN (3.9 mmol) dispersed in 40 mL of anhydrous THF, 

15 mL of borane dimethyl sulfide complex (155.5 mmol, 5 eq. per nitrile group) was 

added to obtain 2.16 g of G1NH₂ with a yield of 69%. 1H NMR (400 MHz, D2O) = 1.93 

(-CH2NH2), 2.91-2.89 (-CH2NH2). 13C NMR (100 MHz, D2O) = 37.9 (-CH2NH2). 

9.2.2.3 G2NH2 dendrimer 

First batch: To obtain the G2 amine dendrimer (G2NH₂), 1.12 g of G2CN (0.7 

mmol) dissolved in 40 mL of anhydrous THF, and 5.23 mL of borane dimethyl sulfide 
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complex (54.4 mmol, 5 eq. per nitrile group) was added to obtain 0.18 g of G2NH₂ 

with a yield of 16%.  

Second batch: 0.51 g of G2CN (0.3 mmol) in 40 mL of anhydrous THF reacted 

with 1.19 mL of borane dimethyl sulfide complex (12.4 mmol, 2.5 eq. per nitrile 

group), to obtain 0.48 g of G2NH₂ with a yield of 89%. 1H NMR (400 MHz, D2O) = 

1.92 (-CH2NH2), 2.98 (-CH2NH2). 13C NMR (100 MHz, D2O) = 37.65 (-CH2NH2). 

Third batch: 0.62 g of G2CN (0.4 mmol) was dissolved in 40 mL of anhydrous 

THF, and 1.44 mL of borane dimethyl sulfide complex (15 mmol, 2.5 eq. per nitrile 

group) was added, to obtain 0.51 g of G2NH₂ with a yield of 80%. 1H NMR (400 MHz, 

D2O) = 1.92 (-CH2NH2), 2.92 (-CH2NH2). 13C NMR (100 MHz, D2O) = 37.85 (-CH2NH2). 

Fourth batch: 0.7 g of G2CN (0.4 mmol) in 40 mL of anhydrous THF, 1.61 mL 

of borane dimethyl sulfide complex (16.9 mmol, 2.5 eq. per nitrile group) was added 

to obtain 0.49 g of G2NH₂ with a yield of 67%. 1H NMR (400 MHz, D2O) = 1.91 (-

CH2NH2), 2.92-2.89 (-CH2NH2). 13C NMR (100 MHz, D2O) = 37.76 (-CH2NH2). 

9.2.2.4 G3NH2 dendrimer  

First batch: The G3 amine dendrimer (G3NH₂) was obtained using 0.46 g of 

G3CN (0.1 mmol) in 30 mL of anhydrous THF and 1.04 mL of borane dimethyl sulfide 

complex (10.9 mmol, 2.5 eq. per nitrile group). Then, 0.39 g of G3NH₂ was obtained 

with a yield of 82%. 1H NMR (400 MHz, D2O) = 1.92 (-CH2NH2), 2.84 (-CH2NH2). 13C 

NMR (100 MHz, D2O) = 38.11 (-CH2NH2). 

Second batch: 0.22 g of G3CN (0.06 mmol) dissolved in 30 mL of anhydrous 

THF reacted with 0.5 mL of borane dimethyl sulfide complex (5.2 mmol, 2.5 eq. per 

nitrile group) to obtain 0.21 g of G3NH₂ with a yield of 92%. 1H NMR (400 MHz, D2O) 

= 1.91 (-CH2NH2), 2.89 (-CH2NH2). 13C NMR (100 MHz, D2O) = 38.25 (-CH2NH2). 

 

9.2.3 Synthesis of carboxylate dendrimers (GxCO2Na) 

The synthesis of carboxylate dendrimers was performed following the 

experimental procedure by García-Gallego et al.,280 with adaptations. At room 

temperature, the amine-terminated dendrimers were dissolved in 5 mL methanol, 

and methyl acrylate (2.8 eq. per amine group) was added. The solution was stirred 

for 18 h at 80°C, under a nitrogen atmosphere. After this, the solvent was removed 

under a vacuum to obtain the methyl ester dendrimer (GxCO2Me) as a clear oil.  
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Then, the methyl ester dendrimers were dissolved in 3 mL of methanol, and a 

solution of sodium hydroxide (1.1 eq. per amine group) in 4 mL of methanol was 

added to the previous solution. The reaction was carried out at room temperature 

for 48h. In the case of the G4, the reaction was carried out for 72h. The solvent was 

removed under reduced pressure, and the product was purified using a dialysis 

membrane (100-500 Da (G1, G2) and 500-1000 Da (G3, G4)) for several hours (6h-

8h). The carboxylate dendrimers were obtained after lyophilization as white solids 

(figure 9).  

 

Figure 9- Structures of carboxylate dendrimer synthesized (G1-G4). 

 

9.2.3.1 G1C dendrimer 

For the preparation of G1 carboxylate dendrimer (G1C), we started with 0.54 

g G0NH₂ (1.6 mmol) and added 1.6 mL of methyl acrylate (17.7 mmol), to obtain 1.16 

g of G1CO2Me with a yield of 71%. 1H NMR (400 MHz, CDCl3) = 3.64 (-CO2Me), 2.76-

2.72 (-CH2CO2Me).  13C NMR (100 MHz, CDCl3) = 172.55 (-CO2Me), 51.07 (-CO2Me).  

After 1H NMR characterization, 0.81 g of G1CO2Me (0.8 mmol) was dissolved 

in methanol and sodium hydroxide was added (0.28 g, 6.9 mmol) in methanol, to 

obtain 0.81 g of G1C with a yield of 94%. 1H NMR (400 MHz, D2O) = 2.86-2.82 (-
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CH2CO2Na). 13C NMR (100 MHz, D2O) = 179.91 (-CO2Na). ATR-FTIR: ν= 2933.1 cm-1 (νO-

H), 1394.54 cm-1 (νc-o). TOF-MS (ESI-): m/z= 727.17 [M- C9H14NNa2O4 – 6 Na +1H]5-. 

9.2.3.2 G2C dendrimer 

To obtain G2 carboxylate dendrimer (G2C), to 0.52 g G1NH2 (0.6 mmol) ,1.3 

mL of methyl acrylate (14.5 mmol) was added, to achieve 1.04 g of G2CO2Me with a 

yield of 74%. 1H NMR (400 MHz, CDCl3) = 3.65 (-CO2Me), 2.76-2.73 (-CH2CO2Me).   

To 0.62 g of G2CO2Me (0.3 mmol) dissolved in methanol, a solution of NaOH 

(0.2 g, 5.0 mmol) in methanol was added, and we achieved 0.61 g of G2C with a yield 

of 93%. 1H NMR (400 MHz, D2O) = 2.64 (-CH2CO2Na). 13C NMR (100 MHz, D2O) = 

179.89 (-CO2Na). ATR-FTIR: ν= 2939.8 cm-1 (νO-H), 1396.54 cm-1 (νc-o). TOF-MS (ESI-): 

m/z= 985.31[M- C45H74N7Na8O16 – 8 Na + 2H]6-. 

9.2.3.3 G3C dendrimer  

For the synthesis of G3 carboxylate dendrimer (G3C), to 0.24g of G2NH2 (0.1 

mmol), 0.56 mL of methyl acrylate (6.2 mmol) was added, obtaining 0.42 g of 

G3CO2Me with a yield of 68 %. 1H NMR (400 MHz, CDCl3) = 3.64 (-CO2Me), 2.75-2.72 

(-CH2CO2Me).   

Then, to 0.42 g of G3CO2Me (0.1 mmol) in methanol, a solution of NaOH (0.16 

g, 3.3 mmol) was added to obtain 0.29 g of G3C with a yield of 65%. 1H NMR (400 

MHz, D2O) = 2.63 (-CH2CO2Na). 13C NMR (100 MHz, D2O) = 179.83 (-CO2Na). ATR-

FTIR: ν= 2945.1 cm-1 (νO-H), 1721.2 cm-1 (νc=o), 1398.7 cm-1 (νc-o).  

9.2.3.4 G4C dendrimer  

To synthesize G4 carboxylate dendrimer (G4C), 0.21 g of G3NH2 dendrimer 

(0.06 mmol) reacted with 0.48 mL of methyl acrylate (5.2 mmol) to obtain 0.2 g of 

G4CO2Me with a yield of 38 %. 1H NMR (400 MHz, CDCl3) = 3.64 (-CO2Me), 2.73 (-

CH2CO2Me). 

After this, to 0.2 g of G4CO2Me dendrimer (0.02 mmol) dissolved in methanol, 

a solution of NaOH (0.06 g, 1.6 mmol) was added, to obtain 0.11 g of G4C dendrimer 

with a yield of 50%. 1H NMR (400 MHz, D2O) = 2.67 (-CH2CO2Na). 13C NMR (100 MHz, 

D2O) = 181.09 (-CO2Na). ATR-FTIR: ν= 2944.3 cm-1 (νO-H), 1725.7 cm-1 (νc=o), 1397.7 cm-

1 (νc-o).  
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9.2.4 Synthesis of sulfonate dendrimers (GxSO₃Na) 

The experimental procedure of García-Gallego et al.,280 was also used with 

adaptations for the synthesis of sulfonate dendrimers. At room temperature, the 

amine-terminated dendrimers were dissolved in 3 mL of methanol. To this solution, 

sodium vinyl sulfonate (2 eq. per amine group) was added, and the mixture was 

stirred for 48 h at 120°C under a nitrogen atmosphere. In the case of the G4, the 

mixture was stirred for 72h. After this, the solvent was removed under reduced 

pressure, and the final product was purified using a dialysis membrane (100-500 Da 

(G1, G2) and 500-1000 Da (G3, G4)) for several hours. The sulfonate dendrimers were 

obtained after lyophilization as white solids (figure 10). 

 

Figure 10- Structures of the sulfonate dendrimers synthesized (G1-G4). 

 

9.2.4.1 G1S dendrimer  

To synthesize G1 sulfonate dendrimers (G1S), to 0.5 g of G0NH2 dendrimer 

(1.5 mmol), 5.1 mL of sodium vinyl sulfonate (11.7 mmol) was added, and 1.6 g of 

G1S dendrimer was obtained with a yield of 78%. 1H NMR (400 MHz, D2O) = 3.25-

3.22 ppm (-CH2SO3Na). 13C NMR (100 MHz, D2O) = 46.67 ppm (-CH2SO3Na) ATR-FTIR: 
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ν= 1175.5 cm-1 (νs=o), 1044 cm-1 (νs=o). TOF-MS (ESI-): m/z= 971.36 [M- C5H10Nna2O6S2 

– 6 Na]6-. 

9.2.4.2 G2S dendrimer  

The G2 sulfonate dendrimer (G2S) was synthesized using 0.5 g of G1NH2 

dendrimer (0.6 mmol) and 4.4 mL of sodium vinyl sulfonate (10.0 mmol) to obtain 1.1 

g of G2S dendrimer with a yield of 60%. 1H NMR (400 MHz, D2O) = 3.24-3.21 ppm (-

CH2SO3Na). 13C NMR (100 MHz, D2O) = 46.63 ppm (-CH2SO3Na) ATR-FTIR: ν= 1176.5 

cm-1 (νs=o), 1042.2 cm-1 (νs=o). TOF-MS (ESI-): m/z= 2190.62 [M- C17H34N3Na4O12S4]. 

9.2.4.3 G3S dendrimer 

For the synthesis of G3 sulfonate dendrimer (G3S), to 0.24 g of G2NH2 

dendrimer (0.1 mmol), 1.96 mL of sodium vinyl sulfonate (4.5 mmol) was added and 

obtained 0.65 g of G3S dendrimer with a yield of 79%. 1H NMR (400 MHz, D2O) = 

3.27-3.23 ppm (-CH2SO3Na). 13C NMR (100 MHz, D2O) = 46.05 ppm (-CH2SO3Na) ATR-

FTIR: ν= 1171.4 cm-1 (νs=o), 1039.4 cm-1 (νs=o).  

9.2.4.4 G4S dendrimer  

To synthesize G4 sulfonate dendrimer (G4S), 0.11 g of G3NH2 dendrimer (0.03 

mmol) reacted with 0.87 mL of sodium vinyl sulfonate (2.0mmol) to obtain 0.35 g of 

G4S dendrimer with a yield of 94%. 1H NMR (400 MHz, D2O) = 3.22-3.18 ppm (-

CH2SO3Na). 13C NMR (100 MHz, D2O) = 46.6 ppm (-CH2SO3Na) ATR-FTIR: ν= 1175.5 

cm-1 (νs=o), 1041.6 cm-1 (νs=o).  

 

9.3 Drug encapsulation of Hydroxychloroquine sulfate (sHCQ) 

The encapsulation of sHCQ was done following the experimental procedure 

of Agrawal et al.281 For drug loading, an aqueous solution of sHCQ in 1 mL of distilled 

water (10mg/ml and 5 mg/ml) was prepared and slowly added to each dendrimer’s 

solution (1mL, 100mg/ml and 50 mg/mL), under magnetic agitation. Each microtube 

was washed with 1 mL of distilled water and added to the respective dendrimer 

flasks. The solutions were stirred at room temperature for 24h. After this, these were 

centrifuged (SIGMA 3-30KS centrifuge) for 5 minutes, 15938g, at room temperature. 

The precipitate was washed three times with 3 mL of distilled water, and the 

supernatant was collected and lyophilized to obtain the drug-entrapped final 

product. To determine indirectly the amount of drug-loaded, a calibration curve of 
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sHCQ in distilled water was prepared using known concentrations, through UV-vis 

spectroscopy (Lambda25 spectrophotometer from PerkinElmer). The precipitate was 

dissolved in distilled water, and the absorbance measured at 343 nm. The 

encapsulation efficiency (EE) and the loading capacity (LC) was calculated using the 

343 nm absorbance values, through the equations below282:  

(𝑒𝑞. 1) 𝐸𝐸 (%) =
𝑡𝑜𝑡𝑎𝑙 𝐻𝐶𝑄 𝑎𝑚𝑜𝑢𝑛𝑡 − 𝑓𝑟𝑒𝑒 𝐻𝐶𝑄 𝑎𝑚𝑜𝑢𝑛𝑡

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝐻𝐶𝑄 
× 100 

(eq. 2) 𝐿𝐶(%) =
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑙𝑜𝑎𝑑𝑒𝑑 𝐻𝐶𝑄

𝑚𝑎𝑠𝑠 𝑜𝑓 𝐻𝐶𝑄 𝑙𝑜𝑎𝑑𝑒𝑑 𝑑𝑒𝑛𝑑𝑟𝑖𝑚𝑒𝑟𝑠
× 100 

 

Additionally, the dendrimers with the encapsulated sHCQ were characterized 

by 1 H- NMR and 13C -NMR, ATR- FTIR, and DLS to measure the zeta potential and to 

confirm the successfulness of the encapsulation.  

 

9.4 Drug release studies 

The drug-encapsulated dendrimers were dissolved in 300 μL of PBS at pH 7.4 

or PBS at pH 5. We weighed 129 μg of sHCQ. This solution was transferred to a dialysis 

device (Slide-A-Lyzer™ MINI Dialysis Device, 2000 MWCO) and placed in a glass flask 

with 7 mL of the respective PBS. The assays were done in triplicate, and sHCQ 

dissolved in PBS was used as a control. The samples were placed in the incubator 

(Wisd Laboratory instruments) at a constant temperature of 37°C. After 1h, 2h, 4h, 

6h, 24h, 48h, and 1 week, 1 mL of the supernatant was removed, and replaced with 

1 mL of fresh PBS, for fluorescence spectroscopy analysis (LS55 fluorescence 

spectrometer equipment from PerkinElmer). The cumulative release was calculated 

by the following equation283:  

(𝑒𝑞. 3) 𝐶𝑟 (%) =
𝑉𝑟 ∑ 𝐶𝑖 + 𝑉𝑜 𝐶𝑛𝑛−1

𝑛

𝑚 𝐻𝐶𝑄
× 100 

where mHCQ represents the amount of sHCQ encapsulated in the dendrimers used 

in the study, Vo is the volume of the release medium (𝑉𝑜 = 7 mL), Vr is the volume of 

the replaced medium (𝑉𝑟 = 1 mL), and 𝐶𝑛 represents the concentration of sHCQ in the 

sample. The results are presented as a percentage of cumulative release (mean of 

three independent assays) ± standard deviation (SD). 
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A calibration curve of sHCQ in PBS at pH 5 and pH 7.4 was previously prepared, 

using standards of the known concentration by fluorescence spectroscopy to 

measure the concentration of sHCQ released.  

 

9.5 Hemotoxicity evaluation 

Samples of fresh and healthy human blood were obtained from donors at 

Hospital Dr. Nélio Mendonça to determine the compounds' hemotoxicity through the 

cyanmethemoglobin method.284 A 250-fold dilution of blood in cyanmethemoglobin 

reagent (C-reagent) was prepared to evaluate the blood's total hemoglobin (Hg) 

concentration. The C-reagent was previously prepared using 50 mg of potassium 

ferricyanide, 12.5 mg of potassium cyanide, 35 mg of potassium dihydrogen 

phosphate in 250 mL of distilled water with 250 µL of Triton-X, and the pH was 

adjusted to 7.4.  

A standard curve for Hg was prepared using Hg from bovine blood. A stock 

solution of 1.5 mg/ml was prepared, and from this, successive dilutions were done in 

a range of 0.2-1.39 mg/ml, to obtain standards of known concentrations. The C-

reagent was used as a blank, and the absorbance was measured at 550 nm. 

The dendrimers were dissolved in PBS 7.4 (Mg2+/Ca2+ free), in the same 

concentrations used for the cells (0.5-50 μM), and 70 µL were transferred into 

Eppendorf type vials, one for each compound and concentration to be tested. For 

controls, distilled water (positive control) and PBS 7.4 (Mg2+/Ca2+ free) (negative 

control) were used. A solution of 10% (v/v) of blood was prepared in PBS 7.4 

(Mg2+/Ca2+ free), and 10 µL was added into Eppendorf type vials containing the 

compounds. Subsequently, the samples were incubated at 37°C for 3h, and 

centrifuged at 1324g for 5 min. After this, 40 µL of each supernatant was transferred 

to 96-well plates, and 160 µL of C -reagent was added.  

In the end, the absorbance was measured at 550 nm using a Perkin Elmer 

VICTOR3 ™ Multilabel Reader spectrophotometer. The results are presented as a 

percentage of hemolysis (mean of three independent assays) ± standard deviation 

(SD), following the next equation: 

(𝑒𝑞. 4) % ℎ𝑒𝑚𝑜𝑙𝑦𝑠𝑖𝑠 =  
𝑆

𝑇
× 100 
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where, S is the value of the concentration of Hg supernatant, and T is the total Hg 

concentration in the test tubes, which is obtained by dividing the Hg concentration in 

whole blood by the dilution factor.   

 

9.6 Cytotoxicity evaluation of dendrimers and dendrimers-

HCQ conjugates 

 

For the evaluation of cytotoxicity, three different cell lines were used: breast 

cancer cells (MCF-7), colorectal adenocarcinoma cells (CACO-2), and fibroblast cells 

(BJ, a non-cancer cell line). The cryopreserved tubes containing the cells were 

centrifuged at 300g for 8 min at 4 °C, and the pallet was resuspended in 1 mL of the 

respective medium. Then, the resuspended cells were transferred to a culture dish 

with 9 mL of medium (vf = 10 mL). All mediums contained 10% (v/v) FBS and 1% (v/v) 

AA (from 100x solution).  

The MCF-7 cells were cultured in RPMI 1640 Medium supplemented with 1% 

(v/v) NEAA (from 100× solution), 1 mM sodium pyruvate, and 3.3 μg/mL human 

insulin. The CACO-2 cells were cultured in MEM medium supplemented with 1% (v/v) 

NEAA. And the BJ cells were cultured in D-MEM medium.  

The culture dishes were incubated at 37°C in a humidified atmosphere with 

5% carbon dioxide (DH Autoflow Automatic CO2 Air Jacked Incubator, Nuaire). The 

medium was replaced every 2-3 days.  

For the cell culture experiments, the cells were cultured in 96-well plates with 

a density of 1.5 x 104 cells per well, in the respective medium. The cytotoxicity of the 

dendrimers was indirectly quantified by measuring the metabolic activity of cells 

through a resazurin reduction assay. The dendrimers, dendrimers-HCQ conjugates, 

and sHCQ were prepared in filtered distilled water within the concentration range of 

0.5-50 μM. From this solution, 20 μL were added to the cells and incubated at 37°C 

for 48h. After, the cell culture medium was replaced with a complete fresh medium 

containing 10% (v/v) of a resazurin solution (0.1% (w/v) in PBS), and the cells were 

incubated for 3h at 37°C. Then, the supernatant was transferred to 96-well opaque 

plates, and the fluorescence of the resorufin ((λex = 530 nm, λem = 590 nm) was 

measured using a microplate reader (Perkin Elmer VICTOR3 ™ Multilabel Reader 



  Chapter II: Materials and methods  

47 
 

spectrophotometer). A DOX assay was performed, dissolving the drug in distilled 

water with concentrations of 100 μM and 0.1 μM. The experiments were done in 

triplicate, and all samples were carried out in quadruplicate. The results are 

expressed as a percentage of cell viability in relation to the control (cells not exposed 

to sHCQ).  
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10 Results and discussion  

10.1 Synthesis and characterization of the nitrile dendrimers 

This work uses the divergent method to synthesize the G0-G3 amine- and 

nitrile- PPI dendrimers. The PPI dendrimers are constituted by a 1,6-hexanediamine 

core, and the interior contains only alkyl and tertiary amine groups.60 The primary 

amines are on the periphery, which allows the occurrence of chemical reactions 

required for surface functionalization, generation increase, and attaching a molecule 

or a ligand to the terminal groups.285  

The first step for synthesizing the G0CN consists of a double Michael addition 

of acrylonitrile to the primary amines of the 1,6- hexanediamine (figure 11). The 

Michael reaction is a nucleophilic addition, where the amine group acts like a 

nucleophile since it donates an electron pair to the carbon atom from the acrylonitrile 

to form a bond. So, the acrylonitrile acts like an electrophile, and the double C=C bond 

becomes a simple C-C bond.286  

 

Figure 11- Scheme of the synthesis of PPI dendrimers 
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Table 1 displays the results of the yields obtained for the nitrile dendrimers 

preparation. Considering the published results,287 the G0CN was synthesized with a 

yield within the expected, achieving 88%. To prepare G0CN, the reaction was carried 

out for 6h in total. For the other generations, the dendrimers were prepared using a 

total time of 8h, because we have more amine groups to react. In the G1CN the yield 

decreases drastically, around 50%-60%, and, in the G2 we obtained yields of 21% and 

37%. So, in the preparation of G2 and G3, instead of water, methanol was used as a 

solvent, since this solvent facilitates solubilization and purification in the higher 

generation. The yields did not vary too much and remained at around 50%. The yields 

reported in the literature are 61% and 56% for the synthesis of G1 and G2, 

respectively.287 Our yields, although slightly lower, remained, in most of the cases, at 

the same order of magnitude. The most plausible explanation for these differences 

can be explained by the different experimental conditions, mainly in the purification 

process (washes with distilled water to eliminate some excess of acrylonitrile and the 

formed secondary products) and in the effectiveness of vacuum drying of the 

prepared dendrimers. 

 

Table 1- Yields obtained for the synthesis of nitrile dendrimers*. 

* Unless stated, reactions were done in water 

 

The obtained G0-G3 nitrile dendrimers were characterized by 1H- and 13C -

NMR, which allowed us to obtain information about the structure and chemical 

transformations that occurred in the end groups during the synthesis steps.288 

The NMR analyses of G0CN (figure 12) showed the expected signals in the 1H-

NMR spectrum. Signals corresponding to the core can be observed between 1.47 and 

 First batch Second batch Third batch Fourth batch 

G0CN ɳ=88% - - - 

G1CN ɳ=57% ɳ=51% ɳ=50% ɳ=51% 

G2CN ɳ=37% ɳ=21% 

ɳ=41% 

(using methanol 

as solvent) 

--- 

G3CN 

ɳ=54% 

(using methanol 

as solvent) 

ɳ=51% 

(using methanol as 

solvent) 

--- --- 
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1.32 ppm, and at 2.85-2.70 ppm. The protons corresponding to the branches are 

shown as a triplet at 2.53-2.50 ppm and 2.47-2.44 ppm. In the 13C-NMR spectrum 

(figure 13) the carbon signal corresponding to the nitrile group is displayed at 118.31 

ppm, and the carbon signals of the core are shown at 26.39 ppm, 26.9 ppm, and 52.81 

ppm. At 16.53 ppm and 49.16 ppm, it is possible to observe the signals of the carbons 

of the dendrimer branches .66,252,278-291  

 

 

 

For G1CN, the 1H-NMR spectrum (figure 14) shows the signals corresponding 

to the core between 1.42 ppm and 1.28 ppm, and at 2.86-2.82 ppm. Further, this 

signal also includes the protons near the nitrile group. The protons of the branches 

are shown as a quintet between 1.62-1.55 ppm and as two triplets between 2.50-

2.46 ppm and 2.57- 2.54 ppm. In the 13C-NMR spectrum (figure 15), the carbon that 

corresponds to the nitrile group is observed at 118.93 ppm, and the core signals are 

Figure 12- 1H-NMR spectrum of the G0CN in CDCl3. 

Figure 13- 13C-NMR spectrum of G0CN in CDCl3. 
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displayed at 27.16 ppm, 27.84 ppm, and 54.12 ppm. The branches’ carbon signals are 

presented at 17.08, 25.16, 49.75, 51.53, and 51.70 ppm.  

Regarding the second, third, and fourth batches of G1CN, the 1H-NMR 

spectrum (see annex figures A1, A3, and A5) and 13C-NMR spectrum (see annex 

figures A2, A4, and A6) showed the same expected signals as observed in the first 

synthesis.  

 

The G2CN dendrimers showed the expected signals for the 1H-NMR spectrum 

(figure 16). The core signals occurred at 1.29 ppm, 1.43 ppm and 2.86-2.83 ppm. 

These include the protons near the nitrile. The protons of the branches are shown as 

a quintet between 1.61-1.58 ppm and two triplets between 2.50-2.47 ppm and 2.57- 

2.54 ppm. In the 13C-NMR spectrum (figure 17), the carbon corresponding to the 

nitrile group presents itself at 118.42 ppm, and the core signals are displayed at 26.66 

Figure 15- 13C-NMR spectrum of G1CN in CDCl3. 

Figure 14- 1H-NMR spectrum of G1CN in CDCl3. 
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ppm and 27.37, and 53.69 ppm. The carbon signals of the branches are presented at 

16.53, 24.62, 49.18, 51.02, and 51.77 ppm.  

As expected, the 1H-NMR spectrum (see annex figures A7 and A9) and 13C-

NMR spectrum (see annex figures A8 and A10) for the subsequent batches present 

the same signals.  

 

In the NMR spectrums of G3CN, the signals are more difficult to discriminate, 

which is probably due to the dendrimer’s size and defects (the purification is more 

demanding) and sample concentration. In fact, when performing the divergent 

synthesis in the higher generations, it is difficult to separate the desired product from 

the reactants. This is because of its molecular similarity with the final product and the 

formation of dendrimers with structural defects.292  

Figure 16- 1H-NMR spectrum of G2CN in CDCl3. 

Figure 17- 13C-NMR spectrum of G2CN in CDCl3. 
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In the 1H-NMR spectrum (figure 18), the signals of the core appear at 1.24 

ppm and 1.36 ppm. The signals of the core protons and near the terminal nitrile group 

are displayed as a triplet around 2.87-2.83 ppm. The protons of the branches appear 

at 1.80 ppm and between 2.67 ppm and 2.53 ppm. Some methanol residues also 

appeared at 3.46 ppm. In the 13C -NMR (figure 19), the carbon of the nitrile group is 

displayed at 116.21 ppm. This signal is a 2 ppm shift to the upfield (lower energy) 

compared with the previous generations. However, the NMR spectra resolution is not 

comparable. The signals of the core are at 27.93 ppm and at 48.25 ppm. The other 

carbons of the structure appear at 14.12 ppm, 26.93 ppm, and between 47.76 and 

41.87 ppm.  

In the second bath, the 1 H- and 13C- NMR spectra (see annex figures A11 and 

A12) are very similar, with the signals occurring around the same values identified.  

 

Figure 18- 1H-NMR spectrum of G3CN in CDCl3. 

Figure 19- 13C-NMR spectrum of G3CN in CDCl3. 
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10.2 Synthesis and characterization of the amine dendrimer  

The amine dendrimers are obtained by reduction of the terminal nitrile groups 

in anhydrous THF using borane dimethyl sulfide complex as a reducing agent (figure 

11). Starting with the G0CN, we obtained the G0NH2 dendrimer with a yield of 99% 

and 86% (table 2). Values in line with what has been reported previously, respectively 

95% and 84%.66,279,291 

The G1NH2 was synthesized as described in the experimental procedure, with 

a yield of 67%, 85%, 82% and 69% (average value 76%), also in line with previous 

reports.279,291    

In relation to the synthesis of G2NH2, in the first attempt, we extended the 

reaction time to 72h. However, the yield obtained was unsatisfactory (16%). So, we 

reduced the amount of reagent to 2.5 eq. per nitrile group and kept the reaction time 

at 72h. The yields obtained increased to 89%, 80%, and 67% (average of 79%). The 

first unsuccessful result was because we faced a problem with Tandem Michael 

addition/amino-nitrile cyclization. Although a similar reaction was reported with a 

yield of 82%,279 the same compound (G2NH2) had a much lower yield (only 15%).291 

So, the introduced synthesis modification represented a significant increase in the 

final yield on the preparation of higher dendrimers generation (ca. of 5 times). 

Based on the approach used in the preparation of (G2NH2), the last generation 

amine dendrimers synthesized, G3NH2, was done using 2.5 eq. of reagent per nitrile 

group and a time of reaction of 72h. The dendrimer obtained presented with very 

good yields (82% and 92%).  

 

Table 2- Yields obtained for the synthesis of amine dendrimers*.  

* Unless stated, reactions were done with 5 eq. per group nitrile of reagent 

 First batch Second batch Third batch Fourth batch 

G0NH2 ɳ=99% ɳ=86% --- --- 

G1NH2 ɳ=67% ɳ=85% ɳ=82% ɳ=69% 

G2NH2 ɳ=16% 
ɳ=89% 

(2.5 eq. reagent) 

ɳ=80% 

(2.5 eq. reagent) 

ɳ=67% 

(2.5 eq. reagent) 

G3NH2 
ɳ=82% 

(2.5 eq. reagent) 

ɳ=92% 

(2.5 eq. reagent) 

--- --- 
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The 1H-NMR spectrum of G0NH2 (figure 20) gives us information about the 

synthesis and compound purity. The protons of the core are displayed between 1.49 

and 1.31 ppm, and 2.67-2.59 ppm. The signal at 1.90 ppm could be attributed to the 

protons of the amine terminal groups. The protons of the dendrimer branches are 

presented as a quintet at 1.78-1.70 ppm and as two triplets between 2.79-2.51 and 

2.79-2.76 ppm. In the 13C-NMR spectrum (figure 21), the signals of the core carbons 

are presented at 22.83 ppm, 26.13 ppm, and 52.5 ppm. The carbon signals of the 

dendrimer branches are observed at 25.53 ppm and 50.05 ppm. The carbons near 

the amine group are observed at 38.08 ppm. The signals at 180.91 ppm,173.2 ppm, 

and 61.01 ppm correspond to the solvent (e.g., diethyl ether and ethyl acetate) or 

residuals of the initial product. Therefore, the final product still needed more 

purification steps.  

We could identify the same expected signals with the synthesis repetition and 

through the 1H- and 13C -NMR spectrum (see annex figures A13 and A14).66,290,293,294    

Figure 20- 1H-NMR spectrum of G0NH2 in D2O. 

Figure 21- 13C-NMR spectrum of G0NH2 in D2O. 
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The HSQC-NMR spectrum (figure 22) also helped to identify the signals of the 

protons through the 13C-NMR spectrum. The core carbons had signals at 1.31 ppm, 

1.49 ppm, and 2.67-2.59 ppm in the 1H-NMR spectrum. The signals of the branches 

in the 13C-NMR spectrum are related to the signals at 1.78-170 ppm, 1.90 ppm, and 

2.79-2.51 ppm in the 1H-NMR spectrum, corresponding to the protons. 

 

 

Figure 22- HSQC-NMR spectrum of G0NH2 in D2O. 

 

The G1NH2 showed the expected signals for the 1H-NMR spectrum (figure 23). 

The core signals are observed at 1.24 ppm, 1.33 ppm, and 2.69-2.65 ppm. The signal 

at 1.91 ppm can be attributed to the protons in the amine terminal groups. The 

signals of the branches are displayed at 1.50 ppm, 1.75 ppm, 2.56 ppm, and 2.89 ppm. 

In the 13C-NMR spectrum (figure 24), the carbon signals, between 23.67-26.29 ppm 

and 52.59 ppm are assigned to the core. The carbon near the amine group is shown 

at 37.99 ppm. At 22.83, 27.36, 45.67 ppm, and 50.59 ppm are the signals of the 

dendrimer branches.  

The second, third, and fourth batches of G1NH2 showed the expected signals 

on the 1H- and 13C-NMR spectrum (see annex A15, A15, A17, A18, A19, A20).  
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Figure 23- 1H- NMR spectrum of G1NH2 in D2O.

 

Figure 24- 13C- NMR spectrum of G1NH2 in D2O. 

 

Regarding G2NH2, in the 1H-NMR spectrum (figure 25) we predicted that the 

core signals would be observed at the beginning of the spectrum, at 1.30 ppm, 1.32 

ppm, and between 2.67-2.73 ppm. The protons next to the amine group were 

displayed as a singlet at 1.92 ppm. The protons near the amine group appeared as a 

triplet around 3.03-2.98 ppm. The other protons could not be that easily identified, 

but we supposed they appeared around 1.40 ppm, 1.80 ppm, and 2.60 ppm. For the 

13C-NMR spectrum (figure 26), the carbons of the core continued to be seen at 

approximately 23.50 ppm and 58.12 ppm. The carbons near to amine group were 

shown at 37.65 ppm. The carbons of the branches were displayed at the expected 

values, at 22.86 ppm and between 50.50 ppm and 49.61 ppm.  
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The NMR spectrums of the other batches (see annex figures A21, A22, A23, and 

A24) presented the same signals mentioned previously. 

 

 

Figure 25- 1H- NMR spectrum of G2NH2 in D2O. 

 

Figure 26- 13C-NMR spectrum of G2NH2 in D2O. 

 

Only two signals are clearly identified in the G3NH2 1H-NMR spectrum (figure 

27). The protons of the amine group continued to appear at 1.92 ppm. The terminal 

branches' protons, which are supposed to appear as a quintet, surge around 1.80 and 

1.68 ppm. In the 13C-NMR spectrum (figure 28), the carbons of the core are displayed 

at 24.79 ppm and 58.14 ppm. The carbons near to amine group showed at 38.11 ppm. 

The rest of the carbon signals surged at 21.57 ppm, 46.21 ppm, and 50.75 ppm.  

In the second batch, the 1H- and 13C-NMR spectrums were very similar, with the 

signals within the expected (see annex figures A25 and A26).  
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Figure 27- 1H- NMR spectrum of G3NH2 in D2O. 

 

Figure 28- 13C- NMR spectrum of G3NH2 in D2O. 

 

10.3 Synthesis and characterization of the carboxylate 

dendrimers 

The G1 to G3 were synthesized as described in the experimental section. In 

the synthesis of G4C, the second reaction step was prolonged to 72h. This reaction 

time extension is because we have more groups to react, so more time is required 

with the generation increase.   

The addition of the terminal methyl ester groups occurred through a Michael-

type addition,295 and when the solution of NaOH was added, the methyl groups were 

left with the hydroxyl as methanol.  

The yield obtained for G1, G2, G3 and G4 of carboxylate dendrimers was 94%, 

93%, 65%, and 50 %, respectively. In line with what was previously reported (yields 

of 98% and 87% for the G1, 96% and 60% for the G2, and 95% and 47% for the 
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G3).280,296 With the increase of generations, the yield naturally decreases because we 

have more groups for reacting, and some steric effects can occur, making it difficult 

to add new terminal groups.  

In the synthesis of G1C, after the addition of methyl acrylate, the obtained 

product, G1 methyl ester dendrimer (G1CO2Me), was characterized by 1H- and 13C- 

NMR to see if the addition reaction occurred. In the 1H-NMR spectrum of the 

compound G1CO2Me (figure 29), the singlet at 3.64 ppm corresponds to the protons 

of methyl group, confirming the compound synthesis. The presence of the methyl 

ester groups is relevant since they are the precursors for the synthesis of carboxylate 

dendrimers. In the 13C- NMR spectrum (figure 30), the main signal is at 172.55 ppm, 

corresponding to the carbon of the terminal group.280,297 

 

 

Figure 29- 1H-NMR spectrum of G1CO2Me in CDCl3. 

 

Figure 30- 13C-NMR spectrum of G1CO2Me in CDCl3. 
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In the final reaction, we obtained the G1C that was characterized by 1H- 13C- 

NMR. The absence of the signal of the methyl group protons in the 1H- NMR (figure 

31), indicated that the functionalization of the terminal groups happened. The 

protons beside the carboxylate group appeared as a triplet at 2.86-2.82 ppm. The 

core protons continued to appear at 1.34 ppm, 1.55 ppm, and 2.97-2.94 ppm. The 

remaining signals at 1.78-1.77 ppm, 2.41-2.37 ppm and 3.69- 3.66 ppm correspond 

to the branches' protons. Concerning the 13C- NMR (figure 32), the signal of the 

carbon of the terminal group appeared at 180.4 ppm. The carbons of the core were 

detected at 24.02 ppm and 25.85 ppm. The carbon of the core next to the amine 

should have appeared around 57 ppm. However, in some cases, the core signals can 

be covered up. The signal around 33.08 ppm corresponded to the carbon next to the 

terminal group. Finally, the carbon of the branches was displayed at 20.60 ppm, 49.63 

ppm, 50.51 ppm, and 52.42 ppm.280,296,297 

 

 

Figure 31- 1H- NMR spectrum of G1C in D2O.

 

Figure 32- 13C-NMR spectrum of G1C in D2O. 
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The 1H-NMR spectrum of G2C presented the expected signals (figure 32), 

including the protons next to the terminal group at 2.64 ppm and the core protons at 

1.37 ppm, 1.61 ppm, and 2.95 ppm. The other signals corresponding to the branches' 

protons were displayed at 1.79 ppm, 2.45 ppm, and 3.70-3.69 ppm. In the 13C- NMR 

spectrum (figure 34), the primary signal at 179.89 ppm indicated the existence of the 

terminal groups. The carbon next to the terminal group exhibited a signal at 32.74 

ppm. The carbons of the core continued to appear at 24.21 ppm, 25.98 ppm, and 

57.41 ppm. The signals of the branches appeared at 21.02 ppm, 49.27 ppm, 50.06 

ppm, and 52.85 ppm.  

So, with the presence of the signal corresponding to the carbon of the 

terminal group in the 13C- NMR spectrum and, the absence of the signal relative to 

the methyl group in the 1H-NMR spectrum (see annex figure A27), we can conclude 

that the final product was synthesized successfully.  

 

 

Figure 33- 1H- NMR spectrum of G2C in D2O.

 

Figure 34- 13C- NMR spectrum of G2C in D2O. 
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Relatively to the G3C, the absence of the signal at 3.64 ppm in the 1H-NMR 

spectrum (see figure 35 and annex figure A28) indicates that functionalization has 

occurred. Moreover, the protons of the core appeared at 1.36 ppm, 1.60 ppm, and 

as a triplet at 3.68-3.65 ppm. The remaining signals corresponding to the branches' 

protons, which appeared at 1.81 ppm, 2.46-2.45 ppm, 2.63 ppm, and 3.68-3.65 ppm. 

Relatively to the 13C-NMR spectrum (figure 36), the presence of the signal at 179.83 

ppm suggested the presence of the terminal groups. The carbon next to the terminal 

group was displayed at 32.47 ppm. The core's carbon signals appeared around 20 

ppm, 22 ppm, and at 57.31 ppm. Finally, the signals at 49.35 ppm, 50.02 ppm and 

52.71 ppm corresponded to the carbons of the branches.  

 

 

Figure 35- 1H- NMR- spectrum of G3C in D2O. 

 

Figure 36- 13C- NMR spectrum of G3C in D2O. 
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The signals in the G4C dendrimer 1H-NMR spectrum (figure 37) were not well 

discriminated. Also, the two signals at 3.60 ppm and 3.66 ppm suggest that some 

methyl groups could be in the structure (see figure 38 and annex figure A29). The 

protons next to the terminal group appeared around 2.67 ppm. The protons of the 

core should have appeared in the initial part of the spectrum around 3.00 ppm. The 

remaining signals identified corresponded to the protons of the branches. In the 13C-

NMR spectrum (figure 38), the signal of the carbon to the terminal group should have 

been at 181.09 ppm. The carbon next to the terminal group appeared at 33.57 ppm. 

The core signals have appeared to around 27.98 ppm and at 57.35 ppm. The carbons 

of the branches appeared at 14.25 ppm, 50.18 ppm, 50.63 ppm, and 52.68 ppm.  

 

 

Figure 37- 1H- NMR spectrum of G4C in D2O. 

 

Figure 38- 13C- NMR spectrum of G4C in D2O. 
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The ATR-FTIR analyses were done to complement the characterization 

obtained by the NMR. This technique provided information about the chemical 

transformations that occurred in the terminal groups of dendrimers. The spectrums 

of carboxylate dendrimers presented the expected characteristics bands (figure 39 

and table 3). The stretch bands of O-H group were observed at 2933.1 cm-1, 2939.8 

cm-1, 2945.1 cm-1, and 2944.3 cm-1, for the G1C, G2C, G3C, and G4C dendrimers 

respectively. In the G3C and G4C dendrimers, the bands at 1721.2 cm-1 and 1725.7 

cm-1, respectively, corresponded to the stretch of the C=O group. In the lower 

generations, this band was not observed. Also, the C-O stretch band was identified in 

all spectra at 1395.5 cm-1, 1396.5 cm-1, 1398.7 cm-1, and 1397.7 cm-1, for the G1C, 

G2C, G3C, and G4C dendrimers, respectively.296,297 

 

Table 3- Main characteristic bands for each functional group of the G1C, G2C, G3C, and G4C, obtained by ATR-
FTIR. 

Functional 
group 

band (cm-1) Type of 
vibration G1C G2C G3C G4C 

O-H 2933.1 2939.8 2945.1 2944.3 str 
C=O --- --- 1721.2 1725.7 str 
C-O 1394.5 1396.5 1398.7 1397.7 str 

* Str: stretch  

 

 

Figure 39- ATR-FTIR spectra of G1C, G2C, G3C and G4C, respectively. 

 

TOF-MS (ESI) analyses were performed to confirm the carboxylate 

dendrimers' synthesis (table 4), detect some structural defects, and determine 
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molecular weights. Only for G1 and G2 the analysis were performed because in the 

highest generations (G3C and G4C), under the experimental conditions used, no peak 

was found. When the sample was ionized, fragmentation of the structure occurred in 

most cases because they are large molecules. So, in the G1C, a peak at m/z=727.17 

[M- C9H14NNa2O4 – 6 Na +1H]5- was found, corresponding to the structure without 

one branch (figure 40). Since they are counter-ion, Na+ was not detected, so they are 

not directly linked to the dendrimer's structure.  

In G2C, only half of the structure was found at 985.31 [M- C45H74N7Na8O16 - 8 

Na + 2H]6- (figure 41), without the Na+ ions.  

 

Table 4- Molecular weight, m/z calculated, and m/z found in the MS spectra for the G1C and G2C (2,5- DHB 
dissolved in methanol was used as matrix). 

 G1C G2C 

Molecular weight 1096.95 2306.08 

M/z calculated 727. 85 985.16 

M/z found 
727.17 

[M- C9H14NNa2O4 – 6 Na +1H]5- 

 

985.31 

[M- C45H74N7Na8O16 - 8 Na + 2H]6- 

 

 

 

Figure 40- MS spectrum of G1C (matrix: 2,6- DHB dissolved in methanol). 
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Figure 41- MS spectrum of the G2C (matrix: 2,5-DHB dissolved in methanol). 

 

Zeta potential is usually employed to monitor the successful surface 

functionalization or modification of materials.298 Also, the charge of the surface will 

provide information about the stability of the nanoparticles in solution since values 

greater than + 30 mV or less than -30 mV represent high degrees of stability. On the 

contrary, when the values are between +25 mV and -25 mV, the particles tend to 

agglomerate due to van der Walls, hydrophobic interactions, and hydrogen 

bonding.298  

As expected, all the carboxylate dendrimers presented a negative surface 

charge (Table 5). So, from the experimental data, we can say that the G1C (-51.8 ± 

0.6 mV) and G2C (-52.7 ± 0.8 mV) have good stability, and G3C (-32.4 ±2.5 mV) and 

G4C (-38.6 ±0.4 mV) have moderate stability in aqueous solutions.298-300   

The terminal carboxylate groups were responsible for the anionic character of 

the dendrimers. Due to the negative surface charge, dendrimers are not attracted 

when they find a negative charge, like in the cell membrane. This will reduce toxicity 

and increase cytocompatibility without seriously compromising cellular uptake due 

to the different and alternative endocytosis mechanisms.301,302  
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Table 5- Zeta potential data of the carboxylate dendrimers. The data are expressed as the mean ± SD of three 
independent experiments.  

 G1C G2C G3C G4C 

Zeta potential (mV) -51.8 ± 0.6 -52.7 ± 0.8 -32.4 ±2.5 -38.6 ±0.4 

 

Through the DLS technique, we obtained information about the size of our 

nanoparticles. The DLS measurement is the most versatile and useful set of 

techniques for measuring in situ sizes, size distributions, and, in some cases, the 

shapes of nanoparticles in liquids. This hydrodynamic technique can directly measure 

hydrodynamic quantities, usually translational and/or rotational diffusion 

coefficients, which are then related to sizes and shapes via theoretical relations.303 

All samples were dissolved in a solution of NaCl and filtered. Before 

measurement, the samples were filtered to exclude lumps and large particles from 

the preparation, such as some particles aggregate.300,304 This technique is a low-

resolution method that often cannot separate closely related molecules.304 So, a NaCl 

solution was used because the ions shielded the particles from interactions with 

others, reducing the aggregations of the dendrimers in the solution and giving us 

better results.300 

The size of the nanoparticles should increase with the generation. Considering 

the hydrodynamic diameter, the size distribution of the G1C, G2C, and G3C are 

between 21-44 nm, 140-323 nm, and 2-9 nm, respectively (figure 42). According to 

the zeta potential analyses, G1C and G2C, presented good stability. Contrarily, G3C 

and G4C are less stable and, therefore, can agglomerate and deposit in the bottom 

of the cuvette, not allowing the light to hit the particles. In G4C, we could not obtain 

any results.  

 

Figure 42- Size distribution of G1C, G2C, and G3C at a concentration of 0.5mg/mL in a solution of 100 µM NaCl. 
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In conclusion, we can affirm that G1C are in the nanoscale range and have the 

potential to be used as nanocarriers for achieving the EPR effect. Additional analyses 

are required to confirm these results and measure the size of the G4C.   

Alternative techniques like TEM (transmission electron microscopy) and AFM 

(atomic force microscopy) could have been applied to determine the size.  

Further, G1 to G4 carboxylate dendrimers were synthesized successfully, with 

yields within the expected. For the first time, G4C has been synthesized. As the 

generation increases, more time is necessary to purify the final product since it tends 

to have more impurities. Alternative techniques should be applied, beyond dialysis, 

to obtain the product more purified. The analytic techniques were applied to confirm 

the PPI dendrimer's functionalization and the reactions' success. 

 

10.4 Synthesis and characterization of the sulfonate dendrimers 

The synthesis of the sulfonate dendrimers was done as described in the 

experimental section. It was necessary to extend the reaction time due to the 

doubling of the terminal groups. Moreover, the sulfonate group was added through 

a Michael-type addition reaction.  

The yields obtained for the G1, G2, G3, and G4 sulfonate dendrimers were 

78%, 60%, 79% and 98%, respectively. These were related to the yields found in the 

literature of 90% and 37% for G1, 85% and 48% for G2, and 78% and 76% for G3.280,296  

In the 1H-NMR spectrum of the G1S (figure 43), the protons near the terminal 

group appeared as a triplet signal at 3.16-3.12 ppm. The signals of the core appeared 

at 1.38 ppm, 1.62 ppm, and 3.25-3.22 ppm. The protons of the branches were visible 

at 1.83 ppm, 2.61 ppm, and 3.01-2.97 ppm. In relation to the 13C-NMR (figure 44), the 

carbon next to the terminal group was displayed at 46.67 ppm. The signals at 24.13 

ppm, 26.01 ppm, and 56.51 ppm corresponded to the carbons of the core. The signals 

of the branches were displayed at 21.05 ppm, 46.67 ppm, 49.97 ppm, and 52.40 

ppm.280,296   
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Figure 43- 1H- NMR spectrum of G1S in D2O. 

 

Figure 44- 13C- NMR spectrum of G1S in D2O. 

 

G2S presented the expected signals. In the 1H-NMR spectrum (figure 45) the 

signal at 3.16-3.11 ppm represented the protons next to the terminal group. The core 

signals continued to appear at 1.41 ppm, 1.74 ppm, and 3.24-3.21 ppm. The branch 

protons was shown at 1.92 ppm, 1.86 ppm, and 3.00-2.96 ppm. The 13C-NMR 

spectrum (figure 46) showed a signal at 46.63 ppm corresponding to the carbon next 

to the terminal group. Regarding the carbons of the core, that belonging to the 

tertiary amine, were detected at 56.51 ppm while, the protons of the core expected 

between 20-25 ppm were not  observed. The remaining signals corresponding to the 

branches' carbon were visible at 21.74 ppm, 47.23 ppm, 49.97 ppm, and 52.39 ppm.  
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Figure 45- 1H- NMR spectrum of G2S in D2O. 

 

Figure 46- 13C- NMR spectrum of G2S in D2O. 

 

The 1H-NMR characterization presented the expected signals for G3S (figure 

47). The signal at 3.18-3.17 ppm corresponded to the protons next to the sulfonate 

group. At the same time, the core signals appeared in the upper field, around 1.95 

ppm, and as a triplet at 3.37-3.34 ppm. The protons of the branches were visible at 

1.97 ppm, 2.70 ppm, and 3.04 ppm. In the 13C-NMR spectrum (figure 48), the signal 

at 46.67 was from the carbon next to the terminal group. The core signals appeared 

at 20.34 ppm, 22.97 ppm, and 56.51 ppm. The remaining signals corresponded to the 

carbons of the branches, precisely at 16.19 ppm, 47.23 ppm, 49.96 ppm, and 52.39 

ppm. 
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Figure 47- 1H- NMR spectrum of G3S in D2O. 

 

Figure 48- 13C- NMR spectrum of G3S in D2O. 

 

The last generation synthesized, the G4S dendrimer, was also characterized 

by 1H- and 13C- NMR. The 1H -NMR spectrum (figure 49) presented the expected 

signals at 3.15-3.11 ppm, that corresponded to the protons next to the terminal 

groups. Further, the protons of the core were displayed at 1.57 ppm, 1.73 ppm, and 

3.22-3.18 ppm. The signals of the branches appeared at 1.90 ppm, 2.63 ppm, and 

2.98 ppm. The 13C-NMR spectrum (figure 50) showed a signal at 46.58 ppm that 

corresponded to the carbon next to the sulfonate group. The core signals should have 

appeared in the upper field of the spectrum. The carbons of the branches were shown 

at 47.19 ppm, 49.90 ppm and 52.33 ppm.  



  Chapter III: Results and discussion 

74 
 

 

Figure 49- 1H- NMR spectrum of G4S in D2O. 

 

Figure 50- 13C- NMR spectrum of G4S in D2O. 

 

In the case of the sulfonate dendrimers, NMR did not provide any information 

about if the functionalization was done. It was supposed that the addition reaction 

occurred since the signal of the protons to the amine group disappeared in the 1H-

NMR spectrum. So, to confirm the functionalization, we performed an ATR-FTIR 

analysis of the prepared compounds.  

According to the ATR-FTIR analysis (figure 51 and table 6), the stretching 

vibrations characteristic of the sulfonate group (S=O) were detected at 1044 cm-1, 

1042.2 cm-1, 1039.4 cm-1, and 1041.6 cm-1, for the G1, G2, G3, and G4 sulfonate 

dendrimers, respectively. The bands at 1175.5 cm-1, 1176.5 cm-1, 1171.4 cm-1, and 

1175.5 cm-1, for the G1, G2, G3, and G4 sulfonate dendrimers, respectively, 

corresponding to the stretching vibrations of the group S-O.296 

 



  Chapter III: Results and discussion 

75 
 

Table 6- Main characteristic bands for each functional group of the G1S, G2S, G3S, and G4S, obtained by ATR-FTIR 

Functional 
group 

band (cm-1) Type of 
vibration G1S G2S G3S G4S 

S=O 1044 1042.2 1039.4 1041.6 str 
S-0 1175.5 1176.5 1171.4 1175.5 str 

 * Str: stretch  

 

 

Figure 51- ATR-FTIR spectra of the G1S, G2S, G3S, and G4S, respectively. 

 

The TOF-MS (ESI) analyses (table 7) of the G1S dendrimer presented a peak at 

m/z= 971.36 [M- C5H10NNa2O6S2 – 6 Na]6- that corresponded to the molecule without 

one terminal branch and Na+ ions (figure 52). In the G2S dendrimer, a peak at m/z= 

2190.62 [M- C17H34N3Na4O12S4] was found and identified as a molecule without a 

complete branch (figure 53). 

 

Table 7- Molecular weight, m/z calculated, and m/z found in the MS spectra for the G1S and G2S (2,5- DHB 
dissolved in methanol was used as matrix). 

 

 

 

 

 

 

 

 

 G1S G2S 

Molecular weight 1385.33 2882.84 

M/z calculated 971.19 2190.18 

M/z found 
971.36 

[M- C5H10NNa2O6S2 – 6 Na]6- 

 

2190.62 

[M- C17H34N3Na4O12S4] 
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Figure 52- MS spectrum of G1S (matrix: 2,5-DHB dissolved in methanol) 

 

Figure 53- MS spectrum of G2S (matrix: 2,5-DHB dissolved in methanol) 

 

The zeta size analyses showed that all sulfonate dendrimers have a negative 

surface charge, confirming the functionalization of the terminal groups (table 8). The 

anionic behaviour will be important for the interaction with the negative 

membranes.301,302 Regarding the stability, based only on the zeta potential, we can 

conclude that, except for G4S which might agglomerate with time, all the sulfonate 

dendrimers present moderate to good stability in solution.298-230 We can also say that 
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compared with carboxylate dendrimers, the zeta potential presents the same trend - 

a decrease in the zeta potential with the generation, with the sulfonate dendrimers 

presenting lower zeta potentials but similar stabilities in solution.  

 

Table 8- Zeta potential data of the sulfonate dendrimers. The data are expressed as the mean ± SD of three 
independent experiments. 

 G1S G2S G3S G4S 

Zeta potential (mV) -46.5 ± 1.6 -30.3 ± 0.8 -40.6 ±2.2 -27.0 ±1.6 

 

Relatively to the DLS analyses, as observed in the case of carboxylate 

dendrimers, the results are difficult to analyse, since they are inconsistent. The 

hydrodynamic diameter should have increased with the generation, but this only 

happened separately from generations 1 and 2, and from generations 3 and 4. The 

last and higher generation is within the limit of equipment detections (figure 54). G1S, 

G2S, G3S, and G4S presented a hydrodynamic diameter between 11-28 nm, 21-50 

nm, 2-8 nm, and 3-11 nm, respectively. Practical issues related to handling the 

samples, such as filtration, could partly explain the observed behavior. Nevertheless, 

only TEM and AFM could provide more accurate information about the size of the 

prepared dendrimers. 

 

 

Figure 54- Size distribution of G1S, G2S, G3S, and G4S at a concentration of 0.5mg/mL in a solution of 100 µM 
NaCl. 
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However, the sizes of G1S and G2S dendrimers allow potential application in 

cancer therapeutics since they permit achieving the EPR effect in a nanoscale range 

of 10-100nm.   

In conclusion, the sulfonate dendrimers were synthesized successfully with 

yields within the expected. For the first time, the G4S have been synthesized. All the 

final products continued to present residues of the reagent, sodium vinyl sulfonate 

but did not interfere with the following reactions steps. Based on the information 

provided by NMR and ATR-FTIR, we can conclude that the sulfonate group was linked 

with the dendrimers, and the structure was preserved.  

 

10.5 Drug encapsulation of Hydroxychloroquine sulfate (sHCQ) 

After all PPI sulfonate and carboxylate dendrimers were characterized, both 

dendrimers' encapsulation of sHCQ was tested with G1 to G3.  The most promising 

dendrimer generation (G4) was not tested for encapsulation due to a lack of time.   

The results of the encapsulation efficiency (EE) and the loading capacity (LC) 

are presented in the figures below. The EE corresponds to the percentage (w/w) of 

drug used in the loading process retained inside the dendrimer, and the LC 

corresponds to the amount of HCQ in the loaded dendrimer.282  

 

 

Figure 55- Results of the encapsulation efficiency (%) obtained for the encapsulation of HCQ.  
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Figure 56- Results of the amount of HCQ loaded in each dendrimer (loading capacity).  

 

In the first attempt (denominated (a) in table 9), we started by encapsulating 

100 mg of a dendrimer with 5 mg of HCQ (20:1) for G1C and G1S. For G2S, G3S, and 

G2C we increased the amount of HCQ to 10 mg (10:1), because it was supposed that 

there was more space in the interior of the dendrimers for the drug to penetrate.   

In all generations of sulfonate dendrimers and G1C, we achieved an EE of 

100%. Contrarily, in G2C, only 9 mg of the HCQ was encapsulated, obtaining an EE of 

88%. So, by reducing the concentration of HCQ to 5mg (20:1) (see table 9 G2C (b)), 

the EE increased by 10 %, obtaining about 5 mg of HCQ encapsulated.   

When we did the encapsulation of generation G3C (see table 9 G3C (C)), we 

used 50 mg of dendrimer for 10 mg of HCQ (5:1), the EE was 91% and the amount of 

HCQ loaded per mg of dendrimers was 144 µg. So, we tried to use a carboxylate 

dendrimer/HCQ ratio of 5:1 (denominated (d) in table 9) to increase the LC, or in 

other words, the amount of HCQ per mg of dendrimers.  

Therefore, when we performed the encapsulation of HCQ in sulfonate 

dendrimers, using a ratio dendrimer/HCQ 20:1 for G1S and 10:1 for the G2S and G3S, 

the EE was 100%. For the carboxylate dendrimers, using a dendrimer/HCQ ratio of 

5:1, we obtained good values for EE and LC, even if their EE was slightly lower when 

compared with the sulfonate dendrimers. Nevertheless, the sulfonate dendrimers 

globally presented the best EE and LC without a commensurable generation trend.  
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Table 9- Results obtained in the drug encapsulation of sHCQ.  

Compound 
Dendrimer 

used, mg 

HCQ 

used, 

mg 

Encapsulated, 

mg 

EE 

(%) 

Loading 

HCQ, 

ug/mg 

LC 

(%) 
 

G1C 
101 5 5 100 47 5 (a) 

52 10 10 100 160 16 (d) 

G1S 101 5 5 100 47 5 (a) 

G2C 

105 10 9 88 78 8 (a) 

104 5 5 98 45 5 (b) 

50 10 9 96 160 16 (d) 

G2S 101 10 10 100 90 9 (a) 

G3C 
54 10 9 91 144 14 (c) 

50 10 9 89 151 15 (d) 

G3S 102 10 10 100 89 9 (a) 

 

To confirm if the HCQ was loaded in the dendrimer, we performed a 1H- and 

13C-NMR, ATR-FTIR, and DLS for zeta potential determination.  

 

10.5.1 NMR characterization of the dendrimers encapsulated with sHCQ  

Before the drug encapsulation, we performed 1H- and 13C-NMR of the free 

sHCQ. The 1H-NMR spectrum (figure 57) of sHCQ presented the characteristic signals 

of the aromatic and pyridine ring between 6.00 ppm and 9.00 ppm. In the 13C-NMR 

spectrum of sHCQ (figure 58), the carbon signals of these structures appeared 

between 98 ppm and 155 ppm. So, we used these NMR signals to detect if the HCQ 

was in the dendrimer.  

 

 

Figure 57- 1H-NMR spectrum of sHCQ in D2O. 
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Figure 58- 13C-NMR spectrum of sHCQ in D2O. 

 

In the 1H-NMR spectrum of G1C, G2C, and G3C dendrimers encapsulated with 

sHCQ (figures 59, see annex figures A30, A31, A33, A35, A37, A39), it was possible to 

identify the proton signals of the aromatic and pyridine rings above 6.00 ppm. This 

indicates the presence of sHCQ in the dendrimers. In the 13C-NMR spectrum (figures 

60, see annex figures A32, A34, A36, A38, A40), the characteristic signals of sHCQ only 

appeared when we had a higher among of drugs encapsulated. From the Figure 60, 

which represents the 13C-NMR spectrum of G1C when performed the encapsulation 

with a ratio of 5:1 (dendrimer/sHCQ), it was possible to detect several signals 

corresponding to the C of the sHCQ, contrary to what was observed when performed 

the encapsulation with a ratio of 20:1 (figure 61).  

 

 

Figure 59- 1H-NMR spectrum of the G1C encapsulated with sHCQ, using a ratio 5:1 (dendrimer/HCQ). 
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Figure 60- 13C-NMR spectrum of the G1C encapsulated with sHCQ, using a ratio 5:1 (dendrimer/HCQ). 

 

Figure 61- 13C-NMR spectrum of the G1C encapsulated with sHCQ, using a ratio 20:1 (dendrimer/HCQ). 

 

Concerning the encapsulation in the sulfonate dendrimers, in all generations, 

the signals of the protons of the aromatic and pyridine ring were displayed in all 1H- 

NMR spectrum (figure 62, see annex figures A41 and A43). Some sodium vinyl 

sulfonate residues continued to appear around 5.00-6.00 ppm. Also, in the 13C-NMR 

spectrum (figure 62, see annex figure A42 and A44), some signals of the aromatic ring 

of HCQ in all sulfonate dendrimers generations were visible. As in the carboxylate 

dendrimers, some carbon signals did not appear when less drug was encapsulated. 

Figure 63 represents the 13C-NMR spectrum of the G2S encapsulated with a ratio of 

10:1, where various visible signals from the C of the sHCQ are present, contrary to 

when performed the encapsulation in the G1S (see annex figure A42).  
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Figure 62- 1H-NMR spectrum of the G2S encapsulated with sHCQ, using a ratio 10:1 (dendrimer/HCQ). 

 

Figure 63- 13C-NMR spectrum of the G2S encapsulated with sHCQ, using a ratio 10:1 (dendrimer/HCQ). 

 

The signals of the sHCQ were not all identified since, with drug encapsulations, 

some signals can be masked by the carbon signals of the dendrimers.  

In conclusion, by the NMR analyses, we can say that the drug was 

encapsulated in the dendrimers, and the procedure used for the encapsulation of 

sHCQ was successfully achieved.  

 

10.5.2 ATR-FTIR analyses of the dendrimers encapsulated with sHCQ  

We identified some bands corresponding to the drug by analysing the 

differences between the FTIR spectrum of dendrimers with sHCQ and without sHCQ.  

In the ATR-FTIR spectrum of the carboxylate dendrimers (figure 64), it was 

possible to identify bands at 1128.8 cm -1, 1128.9 cm-1, and 1132.6 cm-1, for the G1, 

G2 and G3, that corresponds to the C-N stretching of HCQ.  
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Figure 64- ATR-FTIR spectra of the G1C, G2C and G3C encapsulated with sHCQ, respectively. 

 

In the sulfonate dendrimers, stretching bands at 1579.9 cm-1 for G1 and G2, 

and at 1580.9 cm-1 for G3 were observed as a result of the C=C bonding from the 

aromatic ring of sHCQ (figure 65).  

 

 

Figure 65- ATR-FTIR spectra of the G1S, G2S and G3S encapsulated with sHCQ, respectively. 
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Since the other bands of the sHCQ do not appear in the spectrum (see annex 

figure A45), we predicted that the sHCQ is encapsulated and the dendrimer branches 

mask the signals.  

 

10.5.3 Zeta potential measurement of the dendrimers with the sHCQ  

The zeta potential of the HCQ encapsulated was evaluated to see if the charge 

differs significantly from the pristine dendrimers (table 10). This information was 

useful to evaluate the cell uptake and stability and to provide preliminary information 

about how the encapsulated HCQ affects the double layer and the zeta potential of 

the dendrimers. Since HCQ presented two positive charges in distilled water, it was 

expected that the zeta-potential values of the dendrimers with the drug would 

become slightly less negative. This trend was effectively observed in G1C, G2C, G1S, 

and G3S. However, in G3C, the differences in the zeta-potential are minimum, and in 

G2S, zeta-potential becomes more negative after encapsulation.  

 

 Table 10- Zeta potential data of the non-loaded and loaded carboxylate and sulfonate dendrimers. The data are 
expressed as the mean ± SD of three independent experiments. 

 

The techniques used to characterize the dendrimers loaded with the sHCQ 

were useful for concluding that all dendrimers could encapsulate the drug. The HCQ 

is composed of both hydrophilic and hydrophobic regions.305 The HCQ can be partially 

encapsulated, where only the hydrophobic moiety is encapsulated in the interior, and 

the hydrophilic moiety is from the exterior.  

Also, when encapsulation was performed in distilled water (pH ≈7), the HCQ 

presented two protonated nitrogen and, consequently, had a more acidic character. 

Since the PPI dendrimers have a basic and hydrophobic interior (less polar), drugs 

with a hydrophobic or acidic character should be retained in the dendrimers’ interior 

by hydrophobic interactions when in an aqueous environment.306 

 G1C G2C G3C G1S G2S G3S 

Non-

loaded 

HCQ 

-51.8 ±0.6 -52.7 ±0.8 -32.4 ±2.5 -46.5 ±1.6 -30.3 ±0.8 -40.6 ±2.2 

Loaded 

HCQ 
-46.8±0.9 -47±1.2 -35.6 ±1.2 -36.6 ±1.2 -47.2 ±0.8 -35.6 ±1.2 
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Another hypothesis proposes that the HCQ are bonded with the dendrimers 

by hydrogen bonds. The presence of a terminal carboxylate and sulfonate group in 

the dendrimers allows the -OH or -NH group from the HCQ to establish hydrogen 

bonds with the dendrimers' terminal groups. Other theory suggests that once at pH 

7 the terminal carboxylate and sulfonate groups are deprotonated (negative charge) 

and the HCQ is protonated (positive charge), the HCQ can be linked with the 

dendrimers through electrostatic interactions.246,305  

 

10.6 Drug release studies 

In vitro drug release was performed in PBS at pH 7.4 and 5, for 1 week, at 37°C. 

PBS at pH 7.4 and 5 were selected to simulate the physiological and tumor 

environments.  

At pH 7.4 (figure 66), G1C and G2C dendrimers showed a more sustained 

release of sHCQ, after 24h - less than 31 % of the drug was released. After 1 week, 

less than 50% of the drug was released in both dendrimers. On the other side, G3C 

had a faster release, and after 24h, it achieved 78% of the drug. After 48h, the 

cumulative release achieved a maximum value of 88%, remaining practically at the 

same value (87%) after 1 week. Globally, we can conclude that, at this pH value, the 

lower carboxylate dendrimer generations present the best-sustained sHCQ release 

profiles.  

Concerning the sulfonate dendrimers, after 24h, the cumulative release was 

60%, 77%, and 79%, for the G1S, G2S, and G3S, respectively. These systems have a 

sustained sHCQ released profile throughout time, but the drug release is faster than 

in the carboxylate dendrimers.  
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Figure 66- Cumulative release of sHCQ from the carboxylate and sulfonate dendrimers in PBS 7.4 at 37°C. All 
samples present the same sHCQ content. Data are expressed as a percentage of the total amount of sHCQ 

content in the samples, mean ±SD (n=3).  

 

When decreased the pH to 5 (figure 67), we expected the release to be faster 

than pH 7.4, because the PPI dendrimers have many tertiary amines that are 

protonated at low pH, decreasing the dendrimer inner hydrophobicity. This would 

facilitate the drug release from the dendrimer at low pH.307 So, the increased charge 

would increase the hydrophilicity of the chains, leading to enhanced polymer 

solubility.308 

In addition, the carboxylate and sulfonate groups can either accept or donate 

H+ in response to the pH alterations. At high pH values (low concentration of H+ ions), 

COOH groups start to liberate their H+ ions (deprotonate), leading to the generation 

of negatively charged groups of COO-. On the other hand, at low pH values, the COO– 

groups transform into COOH by accepting protons from the surrounding 

environment. The pH at which an acid becomes ionized depends on its pKa, which is 

around 5. The protonation/deprotonation changes the ionization degree and the 

charge, which leads to alterations in the hydrodynamic volume and conformation.281 

Due to the sulfonate groups, dendrimers have pKa values around 2-3. At pH 

5, the carboxylate group is to be protonated, and we expected that the release would 

be faster in the carboxylate groups than in the sulfonate groups.  

In fact, the drug release at pH 5 increases (except for the G2S), after 24h, the 

cumulative release was 68%.  
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G1S, also has a notorious difference between pH 5 and 7.4. After 1 week, in 

the pH 5, it achieved almost 100% of release. G3S system had similar behavior in both 

pHs. 

In G2C, the differences in release in PBS at pH 7.4 and 5 are noticeable. In PBS 

at pH 5, after 24h, the cumulative release was 86%, and the system achieved a release 

of 100% after 1 week. The G1C continued to have a sustained release, achieving 38% 

after 24h, and G3C had a similar release profile in both pHs.   

 

 

Figure 67- Cumulative release of sHCQ from the carboxylate and sulfonate dendrimers in PBS 5 at 37°C. All 
samples present the same sHCQ content. Data are expressed as a percentage of the total amount of sHCQ 

content in the samples, mean ±SD (n=3). 

 

In conclusion, we can point out the following: a) if the objective is obtaining a 

sustained release of HCQ in the tumor environment, the G1C system is the most 

indicated; b) If the system is to be administrated in the circulation, the G2C and G1S 

systems are the most indicated, since the objective is that the dendrimers achieve 

the tumor site before releasing the drug.  

 

10.7 Hemotoxicity evaluation 

Due to their size, the nanomaterials are associated with a risk of interacting 

at the cellular and sub-cellular levels.39 As previously seen, the toxicity of dendrimers 

is associated with the generation and functional group chemistry on the surface. The 

terminal groups' surface charge and surface chemistry will influence the toxicity. 

Positively charged dendrimers are known to cause hemotoxicity, resulting in a 
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generation- and concentration-dependent hemolysis.309 The free cationic terminal 

groups of dendrimers interact with the red blood cell membrane leading to 

hemolysis.39 Also, they have a high affinity for serum proteins.310 So, modified amino-

terminated dendrimers with negatively charged groups, such as carboxylate and 

sulfonate, should make the dendrimers less or not hemotoxic.  

The red blood cell membrane contains proteins and glycoproteins embedded 

in a fluid lipid bilayer. The sialylated glycoproteins of the membranes are responsible 

for a negatively charged surface that creates a repulsive electric zeta potential 

between cells. This negative charge prevents interactions between the red blood cells 

and others, and especially between each other.311,312 So, the negative surface charge 

of the dendrimers in contact with the red blood cells will be repulsed.  

The results obtained for the hemotoxicity of the dendrimers without HCQ and 

for free sHCQ are presented in figure 68. All generations of carboxylate and sulfonate 

dendrimers, as free sHCQ, at concentrations ranging of 0.5- 50 μM, did not cause 

hemolysis. 

In conclusion, all the generations of carboxylate and sulfonate dendrimers are 

not hemotoxic and safe for intravenous administration.  

 

 

Figure 68- Percentage of hemolysis after the exposure for 3h, at 37 °C, of the non-loaded carboxylate and 
sulfonate dendrimers and free sHCQ. Cell Data are expressed as the mean ±SD of three independent 

experiments.  

 

10.8 Cytotoxicity evaluation of the dendrimers- HCQ conjugates  

The sulfonate and carboxylate dendrimers G1 to G3 loaded with the sHCQ and 

without the drug , as the free drug (sHCQ), were tested initially in the MCF-7 cancer 
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cell line and BJ cells (non-cancer cell line) in a concentration range of 0.5-50 µM. 

Breast adenocarcinoma cell line (MCF-7) was used because, by the recent statistical 

analyses, breast cancer is the most prevalent type of cancer in Portugal and in the 

world.313, 314 

The resazurin assay was used to evaluate the cytotoxicity indirectly. The test 

was based on the intracellular reduction of resazurin to resorufin by viable, 

metabolically active cells. These include reduction by mitochondrial or microsomal 

enzymes, respiratory chain enzymes, or electron transfer agents.315 When the 

resazurin diffuses through cell membranes, it is metabolically reduced by viable cells 

into resorufin. When excited at a wavelength of 579 nm, resorufin emits a fluorescent 

signal at 584 nm. The resazurin cannot be determined fluorometrically since only 

resorufin has fluorescence proprieties.315 This assay is widely used as an indicator of 

active metabolism in cell cultures because it is more sensitive and reliable than other 

assays using tetrazolium dyes.315 

The results showed that the non-loaded sulfonate and carboxylate 

dendrimers were less cytotoxic in all concentrations studied for MCF-7 and BJ cells 

(figure 69 and 70). In the MCF-7 cell line, the sulfonate dendrimers showed slightly 

higher cytotoxicity than the carboxylate dendrimers (figure 69). As expected, the 

anionic dendrimers showed lower cytotoxicity because it does not cause disruption 

and consequent leakage of cellular content or cell death when in contact with the cell 

membrane. The dendrimers are endocytosed, and the contents are released in the 

intracellular environment or in the intracellular compartments (lysosomes, 

endosomes, etc.).316 
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Figure 69- Cell viability of MCF-7 cells after 48h exposure to the non-loaded carboxylate and sulfonate 
dendrimers (G1, G2 and G3). Data are expressed as the mean ±SD of three independent experiments. 

 

Figure 70- Cell viability of BJ cells after 48h exposure to the non-loaded carboxylate and sulfonate dendrimers 
(G1, G2 and G3). Data are expressed as the mean ±SD of three independent experiments.  

 

Regarding the free drug, as the concentration of the drug increased, the 

metabolic activity decreased, as expected (figure 71 e 73). At 50 µM the metabolic 

activity was 54% for MCF-7 cells. He et al.317 reported an IC50 value of HCQ of 12.47 

µM for MCF-7 cells, so we expected the cell viability to be lower. Loh et al. exposed 

MCF-7 cells to 50 µM of HCQ, achieving cell viability of around 70%.318 So, the 

cytotoxic effects depend on the cellular line and the cellular passage. To prove this, 

we performed an assay using a CACO-2 cell line at the same concentrations of HCQ. 

With 50 µM, the metabolic activity was 72% (annex figure A46). So, the MCF-7 cells 

seem to be more sensitive to HCQ.  
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Additionally, in the MCF-7 cells, the cytotoxicity of dendrimers loaded with 

HCQ was inferior or comparable to free sHCQ with the same drug concentration 

(figure 71). G1C, G1S and G2C loaded with sHCQ showed less toxicity due to the slow 

release of the drug into these systems. After 48h, these systems did not release the 

50 µM of sHCQ for the medium. The other dendrimers, that had a more instant 

release, presented similar behavior to the free sHCQ. After 48h, with 50 µM of sHCQ, 

the G3C, G2S, and G3S had a metabolic activity of 67%, 69%, and 70%, respectively. 

These systems, after 48h, did not achieve 100% of the drug released. So, if we left the 

sHCQ in contact for more time, the metabolic activity certainly would decrease.  

 

 

Figure 71- Cell viability of MCF-7 cells after 48h exposure to the sHCQ loaded carboxylate and sulfonate 
dendrimers (G1, G2 and G3) and free sHCQ. The values of the concentration refer to the amount of the 

encapsulated drug. Data are expressed as the mean ±SD of three independent experiments. 

 

As it is known, in chemotherapy treatments, the sHCQ is applied in 

combination with other anti-cancer drugs to enhance tumor killing. So, intending to 

reduce cellular viability (increasing the cell cytotoxicity), we tested, in the MCF-7 cells, 

the sHCQ in combination with DOX. The concentration of DOX was fixed at 0.1 µM 

and the concentration of sHCQ ranged between 25 and 50 µM. We expected the 

sHCQ to enhance the DOX effect, but no synergetic effect was observed (annex figure 

A56). Probably our experimental setup was not the best. In fact, Loh el at.291 achieved 

better results by fixing the concentration of sHCQ at 5uM and varying the 

concentration of DOX between 0 and 4 µM. With these experimental conditions, the 

sHCQ enhanced the treatment efficacy of DOX in MCF-7 cells.  
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Figure 72- Cell viability of MCF-7 after 48h exposure to the loaded carboxylate and sulfonate dendrimers (G1, 
G2 and G3) in conjunct with DOX. The values of the concentration refer to the amount of the encapsulated drug. 

Data are expressed as the mean ±SD of three independent experiments.  

 

With the BJ cells, the free sHCQ are highly toxic in the range of concentrations 

of 0.5-50 µM. With 50uM, after 48h, the metabolic activity was 12% (figure 73).  

The profile of dendrimers loaded with sHCQ metabolic activity following the 

toxicity of the free drug (figure 73). Again, because of the slow release, the lower 

dendrimer generations, G1C, G2C, and G1S, induced higher metabolic activity when 

compared with the other systems and the free sHCQ.  

 

 

Figure 73- Cell viability of MCF-7 after 48h exposure to the sHCQ loaded carboxylate and sulfonate dendrimers 
(G1,G2, and G3) and free sHCQ. The values of the concentration refer to the amount of the encapsulated drug. 

Data are expressed as the mean ±SD of three independent experiments.  
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We can conclude that the BJ cells were more sensitive to sHCQ than the 

cancer line MCF-7. In fact, the cancer cells could create multidrug resistance to 

chemotherapy since it is the leading cause of therapeutic failure and death in women 

with breast cancer.292 

 The higher cytotoxicity induced in the BJ cells by the sHCQ is associated with 

secondary effects that can compromise cancer treatment. The use of carboxylate and 

sulfonate dendrimers has the principal aim of reducing the secondary effects 

because, as the drug is encapsulated, they do not interact directly with the 

membranes and direct the drug to the cancer cells.  
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11 Conclusion and future perspectives  

As stated at the beginning of the master thesis, cancer is one of the most 

deadly diseases now days, and it is estimated that the number of cases will increase 

over the years. Despite the advances in medicine and healthcare, definitive therapy 

for successfully eradicating tumors is still not achieved for many types of cancer due 

to their unique characteristics. The most used treatment is chemotherapy, which 

causes several side effects in the patient and sometimes leads to treatment failure. 

Over the years, dendrimers have received increasing attention as drug carriers and 

tools for diagnosing, imaging, and treatment of different types of cancer. These 

nanocarriers increase the solubility of anti-cancer drugs, direct drugs to the tumor 

site, increase the bioavailability, reduce side effects, increase the half-time in 

circulation, etc.  

In this thesis, we took advantage of the most popular characteristics of anionic 

PPI dendrimers, such as low toxicity, low immunogenicity, and low hemotoxicity, for 

carrier a drug that was gained some popularity in recent years, hydroxychloroquine. 

In cancer therapy, the HCQ acts to inhibit the autophagy process that has been 

proven in a particular stage of tumor growth. This mechanism protects the tumor 

cells against chemotherapy, radiotherapy, or other cancer treatment. So, by 

inhibiting autophagy, the cytotoxicity of the other cancer drugs increases since the 

cells do not have the mechanism for defense. Also, the HCQ administered alone can 

activate the mitochondrial pathway of apoptosis.  

First, we synthesized the nitrile and amine-terminated dendrimers to be used 

as building blocks to increase the generation. The nitrile-terminated dendrimers were 

synthesized from G0 to G3 with a yield range between 41% and 88%. As the 

generation increased, a notorious decrease in yield was verified.  The synthesis 

conditions were optimized since at the higher generations, using methanol as solvent 

was the better option. The amine-terminated dendrimers were synthesized from G0 

to G3 with a yield range between 67% to 99%. By reducing the eq. mol of reagent in 

the G2 and G3, we achieved yields up to 80%.  

After, the amine terminal groups were replaced by anionic carboxylate and 

sulfonate groups. The sulfonate and carboxylate PPI dendrimers were prepared from 
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the G1 to G4, and characterized by 1H- and 13C NMR, ATR-FTIR, DLS, zeta potential, 

and MS. The encapsulation of sHCQ, was successfully performed in both dendrimer 

families until G3, with encapsulation efficiencies between 88% and 100%. Drug 

release studies were important for predicting the drug's release in vivo. The PPI 

dendrimers should be pH-responsive (internal stimuli), as observed in the two 

families of studied dendrimers, particularly at lower generations (G1C, G2C, and G1S), 

with an advantage for the carboxylates family. The safety of the prepared dendrimers 

was evaluated in vitro as well as their interactions with blood cells. The non-loaded 

anionic dendrimers and the free sHCQ did not cause hemolysis of the blood red cells. 

Both anionic dendrimers showed less or no cytotoxicity in MCF-7 and BJ cells, in a 

range of 0.5-50 µM. The dendrimers loaded with the sHCQ followed the sHCQ 

cytotoxicity profile, but the MCF-7 were less sensitive to the sHCQ in the studied 

range of concentrations, showing less cytotoxicity. Contrary, the sHCQ presented 

higher cytotoxic for the BJ cells. This interaction with the non-cancer cell line resulted 

in side effects. The objective was that the anionic dendrimers with sHCQ did not 

release before arriving at the target cells by the EPF effect. No synergetic or 

antagonist effect was observed when combining the dendrimers with sHCQ and free 

DOX in the MCF-7 cells.  

In conclusion, our dendrimers were synthesized and characterized by 

different structural techniques and showed potential as a carrier of sHCQ, particularly 

at low generations. For the first time, G4C and G4S were synthesized, with yields of 

50% and 94%, respectively, and characterized by 1H- and 13C- NMR, ATR-FTIR, and 

DLS. As future work, the new dendrimers deserve to improve their purification (G3 

and G4) and to be fully characterized by TEM and AFM. The type of interactions and 

location of HCQ within dendrimers must also be studied. Regarding the cytotoxicity 

evaluation, the range of concentrations must be increased to achieve 50% or less of 

cell viability. To obtain a better overview of the cancer effect of the dendrimers and 

HCQ, other cancer cells line must be tested. The cytotoxicity of our systems in 

combination with other anti-cancer drugs should also be studied to verify the 

eventual synergistic effect caused by sHCQ. Previously to the in vivo tests to be 

developed in selected dendrimers, it would also be interesting to study the 

interaction of the loaded dendrimers with the DNA. 
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Supplementary material  

Annex 1. Synthesis and characterization of the nitrile 

dendrimers  

Annex 1.1. NMR characterization of G1CN 

 

Figure A1- 1H-NMR spectrum of G1CN in CDCl3, second batch. 

 

 Figure A2- 13C-NMR spectrum of G1CN in CDCl3, second batch. 
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 Figure A3- 1H-NMR spectrum of G1CN in CDCl3, third batch. 

 

 Figure A4- 13C-NMR spectrum of G1CN in CDCl3, third batch. 

 

Figure A5- 1H-NMR spectrum of G1CN in CDCl3, fourth batch. 
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Figure A6- 13C-NMR spectrum of G1CN in CDCl3, fourth batch. 

Annex 1.2. NMR characterization of G2CN 

 

 Figure A7- 1H-NMR spectrum of G2CN in CDCl3, second batch.

 

 Figure A8- 13C-NMR spectrum of G2CN in CDCl3, second batch. 
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Figure A9- 1H-NMR spectrum of G2CN in CDCl3, third batch. 

 

Figure A10- 13C-NMR spectrum of G2CN in CDCl3, third batch. 

Annex 1.3. NMR characterization of G3CN 

 

Figure A11- 1H-NMR spectrum of G3CN in CDCl3, second batch. 
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Figure A12- 13C-NMR spectrum of G3CN in CDCl3, second batch. 

Annex 2. Synthesis and characterization of the amine 

dendrimers  

Annex 2.1. NMR characterization of G0NH2 

 

Figure A13- 1H-NMR spectrum of G0NH2 in D2O, second batch. 
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Figure A14- 13C-NMR spectrum of G0NH2 in D2O, second batch. 

Annex 2.2. NMR characterization of G1NH2 

 

Figure A15- 1H-NMR spectrum of G1NH2 in D2O, second batch.

 

Figure A16- 13C-NMR spectrum of G1NH2 in D2O, second batch. 
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Figure A17- 1H-NMR spectrum of G1NH2 in D2O, third batch. 

 

Figure A18- 13C-NMR spectrum of G1NH2 in D2O, third batch. 

 

Figure A19- 1H-NMR spectrum of G1NH2 in D2O, fourth batch. 
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Figure A20- 13C-NMR spectrum of G1NH2 in D2O, fourth batch. 

Annex 2.3. NMR characterization of G2NH2 

 

Figure A21- 1H-NMR spectrum of G2NH2 in D2O, second batch. 

 

Figure A22- 13C-NMR spectrum of G2NH2 in D2O, second batch. 
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Figure A23- 1H-NMR spectrum of G2NH2 in D2O, third batch. 

 

Figure A24- 13C-NMR spectrum of G2NH2 in D2O, third batch. 

Annex 2.4. NMR characterization of G3NH2 

 

Figure A25- 1H-NMR spectrum of G3NH2 in D2O, second batch. 
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Figure A26- 1H-NMR spectrum of G3NH2 in D2O, second batch. 

Annex 3. Synthesis of the methyl ester dendrimers  

 

Figure A27- 1H-NMR spectrum of G2CO2Me in CDCl3.

 

Figure A28- 1H-NMR spectrum of G3CO2Me in CDCl3. 
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Figure A29- 1H-NMR spectrum of G4CO2Me in CDCl3 

Annex 4. Characterization of the dendrimers encapsulated 

with the sHCQ 

 

Figure A30- 1H-NMR spectrum of the G1C encapsulated with sHCQ, using a ratio 20:1 (dendrimer/HCQ). 

 

Figure A31- 1H-NMR spectrum of the G2C encapsulated with sHCQ, using a ratio 10:1 (dendrimer/HCQ). 
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Figure A32- 13C-NMR spectrum of the G2C encapsulated with sHCQ, using a ratio 10:1 (dendrimer/HCQ). 

 

Figure A33- 1H-NMR spectrum of the G2C encapsulated with sHCQ, using a ratio 5:1 (dendrimer/HCQ). 

 

Figure A34- 13C-NMR spectrum of the G2C encapsulated with sHCQ, using a ratio 5:1 (dendrimer/HCQ).

 

Figure A35- 1H-NMR spectrum of the G2C encapsulated with sHCQ, using a ratio 5:1 (dendrimer/HCQ). 
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Figure A36- 13C-NMR spectrum of the G2C encapsulated with sHCQ, using a ratio 5:1 (dendrimer/HCQ).

 

Figure A37- 1H-NMR spectrum of the G3C encapsulated with sHCQ, using a ratio 5:1 (dendrimer/HCQ). 

 

Figure A38- 13C-NMR spectrum of the G3C encapsulated with sHCQ, using a ratio 5:1 (dendrimer/HCQ). 
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Figure A39- 1H-NMR spectrum of the G3C encapsulated with sHCQ, using a ratio 5:1 (dendrimer/HCQ).

 

Figure A40- 13C-NMR spectrum of the G3C encapsulated with sHCQ, using a ratio 5:1 (dendrimer/HCQ).

 

Figure A41- 1H-NMR spectrum of the G1S encapsulated with sHCQ, using a ratio 20:1 (dendrimer/HCQ).

 

Figure A42- 13C-NMR spectrum of the G1S encapsulated with sHCQ, using a ratio 20:1 (dendrimer/HCQ). 
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Figure A43- 1H-NMR spectrum of the G3S encapsulated with sHCQ, using a ratio 10:1 (dendrimer/HCQ).

 

Figure A44- 1H-NMR spectrum of the G3S encapsulated with sHCQ, using a ratio 10:1 (dendrimer/HCQ). 

 

 

Figure A45- ATR-FTIR spectra of sHCQ 

 

 

 

 

 

 

 



  Supplementary material 

150 
 

Annex 5. Cytotoxicity of the dendrimers loaded with sHCQ 

 

Figure A46- Cell viability of the CACO-2 cells after 48h exposure to the free sHCQ. Data are expressed as the 
mean ±SD of three independent experiments. 
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