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 iii Abstract 

Abstract 
The poly(amidoamine) (PAMAM) dendrimers have become one of the most widely explored 

dendrimer architectures given their commercial availability at high generations and their great 

possibility of chemical multifunctionality. For these reasons and due to their unique physicochemical 

properties, the PAMAM dendrimers are currently one of the most prominent synthetic hyperbranched 

polymer families. PAMAM dendrimers have a multitude of applications in biomedicine through, for 

example, dendrimer surface functionalization with drugs, genes or fluorescent markers. As a result, it 

becomes increasingly important to investigate the influence of size and distinct surface functionalities 

over its biological interactions and intracellular trafficking. 

Several methodologies have been proposed to investigate the biological fate of PAMAM 

dendrimers. One of the most widely used approaches consists on the stochastic fluorescent labeling 

of the dendrimer surface for colocalization studies during intracellular trafficking. 

Herein we explored different types of conjugation chemistry for fluorescent probe surface 

functionalization of PAMAM dendrimers using two different generations with distinct terminal units 

(i.e. -NH2; -OH; -COOH). For this goal, the fluorescein isothiocyanate (FITC) was chosen due to the 

wide use of this fluorescent dye for the surface labelling of PAMAM dendrimers. 

By exploring different functionalization methods, we have identified through several 

characterization techniques (i.e. 1H NMR; UV/Vis; FTIR) the successful FITC surface functionalization 

of G3 and G5 PAMAM dendrimers containing –NH2 and –OH termini. On the other hand based on 

the conditions presented herein, we were not certain about the successful functionalization of G2.5 

and 4.5 PAMAM-COOH dendrimers. Additionally, based on our optimization attempts, it was not 

always an easy task to completely purify the final products using the conventional purification 

techniques.  

Furthermore, other physicochemical parameters of the obtained conjugation products were also 

investigated specifically, the surface charge (at physiological pH) and fluorescent emission (at distinct 

pH and concentrations). Our results indicate that after functionalization, no deep changes occurred 

on the PAMAM dendrimer surface charge and that the fluorescent properties of FITC probe are 

strongly dependent of environmental pH.  

 The cytotoxicity of the conjugation products was also evaluated through the resazurin reduction 

assay on the mouse embryonic fibroblast cell line NIH 3T3. Our preliminary results suggest that the 

prepared conjugation products do not induce deep changes on the cell’s metabolic activity at the 

investigated conditions. 

 

Keywords: PAMAM dendrimers; FITC; Endocytosis; Intracellular trafficking; Stochastic method; 
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 v Resumo 

Resumo 
 

Os dendrímeros de poli(amidoamina) (PAMAM) tornaram-se uma das arquiteturas 

dendriméricas mais estudadas devido à disponibilidade comercial das gerações superiores e à 

grande variedade de grupos funcionais. Por estas razões e devido às suas propriedades 

físico-químicas consideradas únicas, os dendrímeros PAMAM são atualmente um dos polímeros 

hiper-ramificados mais estudados. Os dendrímeros PAMAM possibilitaram uma grande variedade de 

aplicações em biomedicina, como por exemplo, no transporte de fármacos, genes ou marcadores 

fluorescentes. Por conseguinte, torna-se cada vez mais importante investigar a influência de 

diferentes grupos funcionais sobre a interação biológica e o tráfico intracelular.  

Têm sido explorados diversos métodos para investigar o destino biológico dos dendrímeros 

PAMAM. Os métodos atualmente mais comuns, usados nos estudos de colocalização celular durante 

o tráfico intracelular, consistem na conjugação estocástica da superfície dos dendrímeros com 

marcadores fluorescentes. 

Neste trabalho explorámos diferentes métodos químicos para a funcionalização estocástica 

dos dendrímeros PAMAM com um marcador fluorescente, usando duas gerações distintas, com 

diferentes grupos terminais (i.e. -NH2; -OH; -COOH). Para esse fim, o isotiocianato de fluoresceína 

(FITC) foi selecionado devido à sua grande utilização na funcionalização destes dendrímeros.  

Com os métodos químicos explorados neste trabalho identificamos, através de diversas 

técnicas de caracterização (i.e. 1H NMR; UV/Vis; FTIR), a funcionalização bem-sucedida com o FITC 

das gerações 3 e 5 do dendrímeros PAMAM terminados em –NH2 e –OH. Por outro lado, tendo por 

base as condições exploradas ao longo deste trabalho, não foi possível confirmar a funcionalização 

das gerações 2.5 e 4.5 do dendrímeros PAMAM terminados em –COOH. Para além do mais, apesar 

nossas tentativas de otimização revelou-se sempre difícil a purificação completa dos produtos finais 

através das técnicas convencionais de purificação.  

Adicionalmente, outras propriedades físico-químicas dos produtos obtidos foram também 

exploradas incluindo, a carga superficial (a pH fisiológico) e a emissão de fluorescência (a diferentes 

pH e concentrações). Os nossos resultados indicam que, após a funcionalização, não houveram 

grandes alterações das cargas superficiais dos dendrímeros PAMAM e que as propriedades 

fluorescentes do FITC conjugado estão fortemente dependentes do pH do meio.  

A citotoxicidade dos produtos obtidos também foi avaliada através do teste da resazurina na 

linha celular fibroblástica NIH 3T3. Os nossos resultados preliminares sugerem que os conjugados 

não induzem alterações profundas no funcionamento metabólico das células tendo em conta as 

condições investigadas. 

 

Palavras-chave: Dendrímeros PAMAM; FITC; Endocitose; Tráfico intracelular; Método 
estocástico; 
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1. Introduction – Dendrimers: from synthesis to cellular internalization 
 
1.1.  Historical Background 

 
The term dendrimer has its origin from the Greek words dendron and meros. Both root words 

emphasize the branching and the treelike shape of this type of molecular structures1,2.  

The dendritic architecture is one of the most common motifs in nature being found at different 

length scales and ranging from the meter to the nanoscale. Such distinctive architecture is easily 

found in either abiotic or biotic systems. In abiotic systems, the dendritic shape can be observed in 

lightning patterns or snow crystals. In the biological realm, the dendritic network of bronchioles and 

alveoli in the lungs are another well-known examples1–3. Remarkably, it is thought that the existence 

of this type of dendritic structures in nature, occurred as an evolutionary solution, allowing the 

enhancement and optimization of specific properties3. As an example, the dendritic network of tree 

roots (see Figure 1) facilitate the collection of water from the soil by exposing a large functional surface 

area4.  

 

 
Figure 1 – The dendritic pattern of tree roots (Figure from Ref. 5). 

 

Initially thought only to occur naturally, the dendritic structures emerged in the polymer 

chemistry at the end of the 70s and early of 80s thanks to the efforts taken by Vögtle6, Tomalia7, 

Newkome8 and others9,10. Indeed, although the first theoretical concepts of dendritic molecules 

occurred as early as the 40s, by P. Flory11, the successful attempts to synthesize and completely 

characterize this type of structures only occurred almost 40 years later2.  
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In 1978, Vögtle and coworkers6 reported a series of repetitive reaction steps for the preparation 

of the first compounds presenting perpetual branching. Relying on a sequence of synthetic “cascade 

molecules”, the reactions were carried out through an iterative (repetitive) approach alternating 

between a Michael addition and a reduction step. By starting the reaction with a primary monoamine 

via a two-fold Michael addition with acrylonitrile (step A, Figure 2), the preparation of a dinitrile could 

be achieved. Then, the two nitrile groups were subsequently reduced by hydrogenation with sodium 

borohydride in the presence of cobalt (II) ions giving rise to the terminal diamine (step B, Figure 2). 

Further repetition of this sequence provided the means for the first successful preparation of regularly 

branched polypropylenimine (PPI) structures12. Due to the limited yields and laborious synthetic 

approach, the preparation of these PPI dendrimers was limited to what is now referred as 2nd 

generation dendrimers13,14.  

 

 
 

Figure 2 – Schematic representation for the preparation of “cascade molecules” by Vögtle and 

coworkers. The term “cascade” was initially used in analogy to the repetitive branching of the arms 

that resembles the water cascade of a fountain (Figure adapted from Ref. 12).  

 

After these initial works, the preparation of new dendritic structures started to show up slowly. 

Thanks to the development of novel preparation methods along with better analytical capabilities, the 

introduction of new dendrimer families with unique molecular identities started to appear12. These new 

structures included, the polylysine dendrimers reported by Denkenwalter et al. in 198115, the 

hyperbranched poly(amidoamine) (PAMAM) dendrimers presented by Tomalia et al. in 19857 or the 

perpetually branched “arborol systems” described by Newkome et al. also in 19858.  
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Along with the discovery of the new dendritic structures, important theoretical considerations 

regarding this type of architectures also emerged. The densest packing concept for these 

“cascade-like” (core/shell) polymers reported by Maciejewski et al. in 19829 and the statistical 

consideration regarding the growth limit for hyperbranched molecules by de Gennes and Hervet in 

198310, provided important knowledge for further development of these novel well-defined 

hyperbranched structures. Such considerations revealed to be important later on to understand the 

limited growth (i.e. limiting generation) of the distinct dendrimer families10. 

Tomalia et al., coined the term dendrimer for the first time in 19837 to describe this type of 

perpetually hyperbranched polymers, in the case, PAMAM dendrimers. Similarly to the approach 

presented by Vögtle et al., the preparation of these PAMAM dendrimers relied on the iterative Michael 

addition of methyl acrylate with ammonia (step A, Figure 3). The posterior conversion of the resulting 

ester to primary amines was then accomplished through the reaction with ethylenediamine (step B, 

Figure 3). Based on this strategy, Tomalia and coworkers were capable of preparing, for the first time, 

PAMAM dendrimers as high as the 10th generation. Interestingly, they verified that as the generation 

increased, the degree of perfection decreased, resulting in a greater number of final defective 

structures. The term half-generation was also coined by Tomalia et al. to describe the individual ester-

stages7. For the first time, Tomalia and corworkers were able to accurately report a validated method 

for the design of complete dendrimers of higher generation7,16.  

 
Figure 3 – Schematic representation of the synthesis of PAMAM dendrimer reported by Tomalia 

et al. (Figure adapted from Ref. 7). 
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Since the initial discovery until the current days, the number of reported dendrimer families 

surpasses 100, and more than 1000 different surface modifications have been described13,17. Several 

of the aforementioned dendritic structures can now be easily acquired, since that they are 

commercially available from many different suppliers13. Figure 4 provides an insight of some of the 

commercially available dendrimers as well as the chemical diversity between the different families.  

The continuous introduction of such chemical diversity, both organic and inorganic, in this type 

of dendritic structures, allowed the preparation of new molecular identities with unique 

physicochemical properties. Moreover, with the further improvement of the synthetic methodologies 

and analytical characterization techniques, it is now possible to synthesize many dendritic structures 

that are mainly monodisperse and fine-tuned in terms of size, shape, interior and surface chemistry, 

flexibility and composition2,16,18.   

 

 
 
Figure 4 – Chemical structures of some of the commercially available dendrimers (Figure 

adapted from Ref. 13). 
  

The dendrimers can also be mentioned in the literature as “arboroles”, “arboscent polymers”, 

“cascade molecules” or “hyperbranched polymers”. However, in reality, due to the well-defined nature 

of this type of macromolecules, they should be considered as a special subgroup of hyperbranched 

polymers (see Figure 5). The physicochemical properties of the dendrimers differ from the random 

hyperbranched polymers, as the latter structures are usually polydisperse and contain a lower degree 

of structural perfection4,19. 
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Figure 5 – The different types of polymer architectures and the relationship with dendrimers (Figure 
adapted from Ref. 4). 

 

Since the initial developments, many research groups have dedicated their work to the 

synthesis and application (e.g. catalysis, nanomedicine, optoelectronics) of dendrimers. Such 

contributions have supported the continuous growth of the field. As shown in Figure 6, a notorious 

increase in the number of publications and patents was observed in the last 20 years20,21.  

Furthermore, the existence of the biannual International Dendrimer Symposium (IDS) since 

1999 (Germany) reflects the constant development of the field. The most recent IDS (8th edition) 

occurred in 2013, Madrid, Spain, which counted with more than 200 participants22,23. The next IDS 

edition will happen in 2015, Canada23.  

Additionally, due to the rapid development of dendrimer-based nanomedicines, a more 

specialized international symposium started to happen in the alternate years of the IDS, being known 

as the Biodendrimer Symposia (its last edition (4th) occurred in June 2014, Switzerland)24.  

 

 
Figure 6 – Number of worldwide publications/patents related with dendrimers and that were published 
between the years 1994 and 2014 (Data adapted from Refs. 20 and 21). 
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1.2. The architecture of dendrimers 
 

As described in the previous chapter, dendrimers belong to a special field of the polymer 

science19. Depending on the chemical nature of the dendrimers, they can be prepared with very high 

molecular weights and exhibit a greater symmetry, purity, water solubility and monodispersity when 

compared with the linear polymers (see Figure 7)16,25.  

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 

Figure 7 – Summary of the advantages of dendrimers over the linear polymers (Adapted from 
Ref. 25). 

 

Dendrimers are known for their nano-sized (10-130 Å) hyperbranched core/shell 

three-dimensional (3D) architecture (see Figure 8) which is characterized by a (i) multifunctional core 

and (ii) repeating branched units (known as dendrons) that are attached to this core. The high-density 

terminal groups of the dendrons give rise to the formal surface of the dendrimer12,13,16,25.  

Dendrimers are characterized by distinct generations (G) depending on the number of 

branching units that are radially attached to the core. Usually, different generations within a family 

results in distinct dendrimer sizes where the number of functional end groups doubles within each 

full-generation increment25. For example, in PAMAM dendrimers, each new full generation increases 

the dendrimer diameter in about 1 nm2.   

Many different types of atoms or multifunctional molecules can be applied as a core for the 

preparation of dendrimers. Depending on the synthetic route, the core can be used as an initiation 

point or as a final anchoring site. Some examples of molecules that have been used as a core include 

Main advantages of the dendrimers over the linear polymers: 
 Higher degree of symmetry; 

 Controlled synthesis based on a defined number of functionalities; 

 Monodispersity; 

 High density of functional groups that allow further multivalent binding; 

 Higher surface reactivity allowing functionalization through noncovalent or 

covalent interactions (e.g.  Fluorochromes, drugs, etc.); 

 Higher water solubility; 

 Lower viscosity; 

 Multifunctionality; 

 Globular shape at higher generations; 

 Increased half-life of loaded drugs; 

 Unique interior chemistry (e.g. host of drugs); 

 Fine-tuned size, shape and number of terminal groups. 
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ethylenediamine (EDA), polyethylene glycol (PEG), diaminobutane (DAB), ammonia, carbosilane, 

fullerene, porphyrin, metals, and many others2,12,25. The functionality of the core dictates the structural 

valence of the dendrimer relatively to the number of dendrons that can form the hyperbranched 

scaffold (see example, Figure 8). For this reason, the core has a profound influence on the size and 

3D shape of the dendrimer2,12,16,25. The core may also be used to provide unique physicochemical 

properties to the dendrimer acting as an electro-, photo- or catalytically-active site2.  

 

 
Figure 8 – Representation of the dendrimer architecture. In this case, the functionality of the core 
1 → 4 allows the connection with 4 dendrons (Figure adapted from Ref. 25). 

 

As shown in Figure 9, the introduction of cores with different shapes can give rise to dendrimers 

with very distinct morphologies. The flexibility of the core can also determine the degree of steric 

crowding caused by the branching units and, as a result, may have an impact over the structural 

perfection and globular shape of the dendrimer. While most of the cores mentioned in the previous 

paragraph give rise to spherical dendrimers, other molecules like the linear-poly(oxazoline) produce 

rod-like dendrimer scaffolds2,26. Furthermore, novel strategies based on inorganic nanoparticles or 

quantum dot cores have also been applied to produce dendronized structures. Some examples 

include the dendronization of thiol functionalized gold (Au) nanoparticles or cadmium selenide 

quantum dots (CdSe QDs)2,27. 

 

 
Figure 9 – Possible dendrimer morphologies depending on the core-type (Figure adapted from 
Refs. 2,26). 
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Around the core, the interior of the dendrimer is based on the perpetual arrangement of branch 

cell monomers* that are the structural basic unit of the dendrons. The dendrons are the main 

components that provide the link between the core and the surface groups in this type of core/shell 

architectures. The number of these individual dendritic units that are radially attached to the core will 

define the generation of the dendrimer and consequently the overall molecular size2,13.  

Many different types of branch cell monomers have been reported in the literature (see 

Figure 10). As a result, depending on the units used to build the interior of the dendrimer, unique 

physicochemical properties may arise. Moreover, the identity and nature of the dendrimer interior 

depends on the multiplicity, elemental composition, bonding, architecture, chirality and flexibility of 

the branch cell monomers2,12,25.  

Despite the huge diversity of dendritic monomers reported in the literature, they can be 

organized in two major classes depending on their nature. Firstly and the most commonly used are 

the pure synthetic monomers that comprise alkyl or aromatic moieties. On the other hand, the 

biological monomers include carbohydrates, nucleotides and amino acids2,12,13,25,28–34. Furthermore, 

the branch cell monomers may also contain elemental compositions derived from phosphorous, 

silicon, sulfur, nitrogen, metals, among many others2,13,16,25.  

 

 
Figure 10 – Examples of branch cell monomers used to build the interior of the dendrimers (Figure 
adapted from Refs. 2,28,31). 

*The term branch cell monomer refers to the molecular building blocks used for the construction of well-defined 
hyperbranched structures around the dendrimer core.  
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Some of the aforementioned branching units may provide unique host-guest properties to the 

dendrimer (see Figure 11), allowing the entrapment of drugs/fluorochromes or promoting a 

nano-environment for the complexation of metal salts. The posterior reduction of these metal salts, 

results in the formation of zero-valent dendrimer-metal nanocomposites2,16. 

 
Figure 11 – Ligand conjugation and drug loading of dendrimers (Figure adapted from Ref. 25). 

 

Most of the functional organic or inorganic elements with high multiplicity have been used for 

the preparation of dendrimers. The bonding between each branch cell monomer can be accomplished 

based on many different types of chemical reactions. The process usually involves high yield reactions 

like Michael addition, esterification, amidation, phosphorylation, among many others. More recently, 

novel reactions have been proposed for a more efficient, greener and less laborious preparation of 

dendrimers. Some examples include, click chemistry/lego chemistry2,12,16,25.  

As described before, the connectivity between each branch cell monomer can deeply influence 

the interior chemistry of the dendrimer. Many different types of organic or inorganic elements can be 

used to build dendrimers with unique connectivity, providing very distinct properties within each 

dendrimer family. For example, in the case of PAMAM dendrimers, the 1 → 2 N-branched amide 

connectivity provides a flexible interior, which promotes a random encapsulation of metals or drugs. 
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In contrast, dendrimers possessing a more rigid connectivity usually promote an organized interior 

metal/drug filling. 

Moreover, the dendrimers that contain highly symmetrical branch cells (e.g. PAMAM or PPI) 

usually exhibit improved host-guest properties when compared with the less symmetrical ones. This 

behavior is observed due to the reduced packing in the interior of the symmetric dendrimers (see 

Figure 12)2.  

 

 
Figure 12 – The structural differences of dendrimers containing (a) unsymmetrical and 
(b) symmetrical branch cells. It can be seen that the packing of the dendrimer interior is greater for 
unsymmetrical branch cells resulting in reduced void spaces (Adapted from Ref. 2). 

  

Besides the previously referred monomer units, oligomers may also be used for the preparation 

of dendrimers2. Recently, Royo et al. have reported the preparation of co-oligomeric dendrimers 

based on polyproline-oligo(ethylene glycol)35. It is clear that the use of oligomers just expands even 

more the structural diversity of the dendrimer families.  

As shown in Figure 8, the functional end groups compose the third element of the dendrimer 

architecture. Thanks to the endless chemical diversity of the terminal groups employed until today, 

novel dendrimer families have emerged. The end groups can bear unique properties, as being 

reactive or non-reactive and contain variable charge (positive, neutral or negative). The terminal units 

may also provide special functionalities like fluorescence, thermo-responsiveness, chelating power, 

catalytic and antimicrobial activity to the dendrimer scaffold2,13,16,25.  

The nature of the dendrimer surface will define the way that the dendrimer interacts with the 

environment, including when in the biological media. As a result, the terminal end groups can 

influence the type of intermolecular, intramolecular and supramolecular interactions.  

Moreover, the end groups can also change the behavior of the dendrimer at different pH and 

ionic strength conditions. This increased sensitivity may lead to variable protonation states 

(see Figure 13) and result in unique dendrimer structural organizations. As shown in Figure 14, the 
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PAMAM dendrimers tend to exhibit a globular shape at high pH and extended conformations at low 

pH values (< 5). Such behavior is observed as a result of the electrostatic repulsion of both, the tertiary 

amines (pKa ≈ 5) in the interior and the primary amines (pKa ≈ 9-11) at the dendrimer surface. 

Interestingly, these conformational changes observed at different pH conditions will not only influence 

the flexibility/rotation of the surface groups (i.e. gyration radius) but also the radial density, terminal 

group distribution, solvent accessibility, surface area and dendrimer volume2,13,16,25,36.  

 

 
Figure 13 – Charge distribution for the G2 PAMAM-NH2 dendrimer at (a) high; (b) neutral and 
(c) low pH (Figure adapted from Ref. 37). 

 

It is worth mentioning that the behavior of the different dendrimer families may be very distinct 

at the same environmental conditions. Contrasting with the PAMAM dendrimers, the carboxylate PPI 

dendrimers show an extended conformation at low (< 4) and high (> 11) pH and a more condensed 

structure at neutral pH (≈ 6). Such structural changes happen because at low/high pH values this type 

of PPI dendrimers exhibit two kinds of electrostatic repulsions. While at low pH these repulsions are 

observed among the protonated internal amines, at high pH the repulsions are caused by 

deprotonated carboxylic acid surface groups. On the other hand, at neutral pH, the structure is more 

condensed due to the intramolecular hydrogen bonding of this zwitterionic structure13,38.  

 

 
Figure 14 – Molecular dynamic simulation of the structural organization of a G6 PAMAM dendrimer 
at (a) high; (b) neutral and (c) low pH (Figure adapted from Ref. 37).  
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It is also known that the surface groups can clearly modulate and selectively control the access 

of guest molecules to the interior of the dendrimer. This selectivity can be tuned based on several 

factors, like the molecular size or protonation state of the terminal groups. For example, it is known 

that in the case of G5 PAMAM dendrimers, 3 to 6 water molecules per tertiary amine can be present 

in the dendrimer interior depending on the pH conditions36. 

Since the nature of the end groups will influence the interaction of the dendrimer with its 

surrounding molecules, the terminal groups can be tuned in order to increase the solubility of the 

dendrimer in a specific medium. By this way, a proper selection of the end groups can be explored in 

order to improve the solubility of a specific drug that can be encapsulated in the dendrimer 

interior13,16,25,39.  

Due to the fractal structure that is characteristic of the dendrimers, the number of terminal 

groups per generation can be predicted based on the (Equation 1). 

 

                                                          𝑛𝑛𝐺𝐺 =  𝐹𝐹𝐾𝐾 (𝐹𝐹𝑣𝑣 − 1)𝐺𝐺                                                  (Equation 1) 

 

 

Where 𝑛𝑛𝐺𝐺 corresponds to the number of terminal groups in the “G” generation;  𝐹𝐹𝐾𝐾 to the multiplicity 

of the core; 𝐹𝐹𝑣𝑣 to the multiplicity of the branching units; 𝐺𝐺 to the generation. 

 

 
Figure 15 – Representation of the effect of the generation increase on the size and number of terminal 
groups of PAMAM dendrimers (Figure adapted from Ref. 40). 

 

According to the previous equation and the data shown in Figure 15, it is possible to verify that 

the number of end groups increases exponentially while the size of the dendrimer increases almost 
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linearly per generation increment. For this reason, most of the dendrimer families tend to exhibit more 

flexible/open structures at low generations and dense/globular shapes at higher generations.  

Given the great chemical diversity of the dendrimers, the conformational change of the shape 

along the generation can be variable for distinct dendrimer families. For example, while the PPI 

dendrimers show more globular shapes in generation 4 and above, in the case of the PAMAM 

dendrimers, the higher density is only observed over the generation 4.510,12,13,16. For this reason, most 

of the dendrimers applied in the biomedical field are usually over generation 4, since when they 

present a globular shape, they tend to show unique solubility and reactivity13.  

As a function of the surrounding conditions, the dendrimers usually contain more dense interiors 

rather than denser shells due to the possible back-folding of the end groups (see Figure 16). 

Moreover, it is known that the extent of this back-folding usually increases with the generation number 

for some of the dendrimer families. Some interesting studies have shown that, for G11, the back-

folding level of the PAMAM dendrimer terminal groups can be so high that the outermost 

sub-generation can gradually penetrate into the core (see Figure 16)13,16,41.  

It is important to note that the “de Gennes dense packing principle” can help to predict the 

surface congestion of the dendrimer after a specific generation10. As described above, this “limiting 

generation” can vary among the dendrimer families.  

 

 
Figure 16 – Instantaneous snapshot of a molecular dynamics simulation for the Generation 11 (G11) 
PAMAM-NH2 dendrimer. Notice that the purple spheres representing the primary amines are 
penetrating the core (white and blue spheres in the middle) (Figure adapted from Ref. 41). 
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In the case of PAMAM dendrimers, the densest pack generation is reached at G10. Usually, 

beyond the “limiting generation”, a greater degree of defects start to appear in the dendritic structure 

due to the extreme back-folding of the terminal groups. As a result, over the limiting generation, the 

construction of the dendrimers proceeds in the interior, that is strongly influenced by slow kinetics2,42.  

It is important to note that many dendrimers families have been prepared much beyond the 

“limiting generation”. By this way, some exceptions may be observed from the de Gennes principle 

depending on the volume of the dendrimer interior or size of the terminal groups. Usually, larger, less 

flexible terminal groups show reduced back-folding2,42.  

As shown in the equation 2, the “limiting generation” depends on many factors, including the 

multiplicity of the core and branch cell monomers or on the dendrimer radius and surface area.  

As described by the equation 2, 𝐴𝐴𝑧𝑧 decreases as the generation number increases. As a result, 

the “limiting generation” is reached when 𝐴𝐴𝑧𝑧 reaches the cross-sectional area related with the van der 

Waals radii42. Interestingly, beyond the limiting generation a lower solubility is also observed. Usually, 

dendrimers containing terminal amino groups or other intermolecular hydrogen bonding functionalities 

usually follow the “de Gennes dense packing principle”2.  

 

                                                     𝐴𝐴𝑧𝑧 = 𝐴𝐴𝐷𝐷
𝑁𝑁𝑧𝑧
∝ ( 𝑟𝑟2

𝑁𝑁𝑐𝑐𝑁𝑁𝑏𝑏
𝐺𝐺)                                              (Equation 2) 

 

Where, 𝐴𝐴𝑧𝑧 is the surface area and Z the number of terminal groups; 𝐴𝐴𝐷𝐷 is the total surface area of the 

dendrimer; 𝑟𝑟 is the radius of the dendrimer; 𝑁𝑁𝑧𝑧 the number of surface groups per generation; 𝑁𝑁𝑐𝑐 the 

multiplicity of the core; 𝑁𝑁𝑏𝑏 multiplicity of the branches; 𝐺𝐺 the number of generations.  

 

It is also clear that the charge of the surface groups can play an important role in the interaction 

of the dendrimer with biological identities or the surrounding media.  

Currently, it is possible to commercially obtain different dendrimers families containing specific 

surface charge and functionality. A clear example is the commercial availability of PAMAM dendrimers 

with different surface groups like primary amines (-NH2), hydroxyl groups (-OH) or carboxyl groups 

(-COOH).  

The ability to play with the polyvalency of the dendrimer surface, can also allow the non-covalent 

functionalization with other chemical identities (e.g. DNA) or even influence the cytotoxicity and the 

way that the dendrimer is internalized by cells16,25. Although with higher cytotoxicity, positively charged 

dendrimers tend to show an improved cellular internalization when compared with negatively charged 

ones due to the reduced electrostatic repulsion with the negatively charged cell membrane.  

Interestingly, the increased cytotoxicity of positively charged dendrimers can be attenuated by the 

partial functionalization of the dendrimer surface with other agents like carbohydrates, poly(ethylene 

glycol), among others16.  
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As we shall see later on, along with the charge, the dendrimer concentration and number of 

surface groups can also lead to distinct cytotoxic consequences. For example, at higher 

concentrations and generations PAMAM dendrimers tend to be more cytotoxic than the lower 

generation counterpart16,43.  

Molecular identities with specific functionality can be introduced in any position of the dendrimer 

and provide, in the same way, unique physicochemical properties wherever the position. For example, 

the introduction of metals in the dendrimer structure can provide unique biological, catalytic, sensing 

or optoelectronic properties42,44–51. Moreover, the position of the metal in the dendrimer can work as 

a way to selectively determine the accessibility of the substrate to the catalytic center. As shown in 

the Figure 17, many different dendrimer families have been reported in the literature containing metals 

or any other type of functional unit at the core, branch cell junctions or end groups. 

 

 
Figure 17 – Schematic representation of possible dendrimers containing metals at (a) core; (b) branch 
cell junctions; (c) end groups; (d) in the 3 positions (Figure adapted from Ref. 2). 

 

Finally, thanks to the great complexity and variability of the dendrimer architecture, the dendritic 

scaffold can be tailored or loaded at the preferred position (interior or surface) for specific cell 

targeting, imaging, or modification of pharmacokinetics (see Figure 18)16,25,52. As we shall see later 

on, many different approaches can be used to proceed with the functionalization of the dendrimer 

after or during their synthesis.  
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Figure 18 – Scheme representing the potential utility of dendrimers and their functionality as: (a) 
drug-conjugates linked to imaging agents; (b) drug-loading agents; (c) modification of drug 
pharmacokinetics; (d) complexing agents; and (e) MRI or fluorescent imaging elements (Figure 
adapted from Ref. 52). 

 
Table 1 summarizes the major influence of each component over the global physicochemical 

properties of the dendrimer12. 

 

Table 1 – The effect of the different dendrimer components over its physicochemical properties 
(Adapted from Ref. 12). 

Core Branching Unit End groups 

Shape Shape Shape 

Size Size Stability/Reactivity 

Multiplicity Density Solubility 

Functions Endo-complexation Viscosity 
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1.3. Synthetic routes for the preparation of dendrimers - a way to understand the dendrimer 
diversity 
 

The dendrimer literature is vast, and many synthetic approaches have been reported since their 

discovery in the 70s2,42. As shown in the Figure 19, the dendritic architecture involves a set of five 

subclasses including the dendrigraft polymers, random hyperbranched polymers, dendritic-linear 

hybrids, dendrons and dendrimers2,12,25,53.  

 

 
Figure 19 – Representation of the different subclasses associated to the dendritic architecture (Figure 
adapted from Ref. 53). 

 

Given the diversity of dendritic architectures, each subclass possesses characteristic 

physicochemical properties that are directly influenced by the synthetic methodologies followed to 

prepare them. While the polydisperse frameworks are usually prepared based on 

statistical/semi-controlled approaches, the monodisperse frameworks rely on finely controlled 

preparation methods. As a result, the strategy followed to proceed with the assembly of the branch 

cell monomers will clearly define the dispersity and perfection degree of the final dendritic 

structure2,12,25,53.  

Since that the connectivity of the branch cells is highly defined by their nature, parameters like 

chemical composition, symmetry, flexibility, multiplicity and rotation of the starting materials will have 

a deep impact in the final dendritic structure (see Figure 20)2,12,16,25.  

The attachment of the individual branch cells is usually achieved through the traditional covalent 

bonding of the cell units to the core (see Figure 20). Consequently, while that in the preparation of 

dendrimers, this connectivity is processed in a controlled manner, a polydisperse/randomized 

approach is observed in the case of the undefined hyperbranched polymers. Interestingly, novel 

approaches have been presented more recently involving the extemely controlled preparation of 

dendrimers or supramolecular dendritic structures through the click type covalent bonding or through 

the self-assembly (i.e. generally non-bonding) of branch cells/dendrons2,12,16,25,54–57. 



 20 Part 3. Results and Discussion Part 1. Introduction - Dendrimers: from synthesis to cellular internalization 

 
Figure 20 – The nature of the branch cell and its influence on the preparation of the different dendritic 
architectures (Figure adapted from Ref. 2). 

 

The preparation of dendrimers usually involves the assembly of the individual components 

referred in the previous section (i.e. core, branch cells and functional groups). Despite the great 

diversity of preparation methods already reported in the literature, they can be mainly classified into 

divergent or convergent approaches (see Figure 21). As described later on, each method as its 

advantages and disadvantages. Additionally, many of the novel synthesis rely on adaptations of these 

two major methodologies in order to deliver dendrimers in less laborious way and with greater 

purity2,12,13,16,25,53,58–61.  

Nevertheless, much work still needs to be done for a high-yield preparation of some dendrimer 

families at higher generations, as well as the controlled functionalization (mono- or multi-) of the 

individual dendrimer molecules. Indeed, the latter limitation was the main issue observed in the 

current work, where the controlled functionalization of the individual dendrimer molecules was always 

difficult to achieve. Moreover, new advances are also required for the eco-friendly preparation of some 

dendrimer types2,12,13,16,25,53.  

In the next section and keeping with the scope of the current thesis, some insights regarding 

the preparation methods of dendrimers will be given.  
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Figure 21 – Main strategies followed for the preparation of dendrimers (Figure adapted from Ref. 2). 

   

1.3.1. Preparation of dendrimers based on the controlled divergent growth 

 
The initial attempts for the preparation of dendritic structures relied on the controlled divergent 

growth as reported by Vögtle et al.6, Tomalia et al.7 and Newkome et al.8. In this method the dendrimer 

growth starts from a multifunctional core that is made to react with branch cells units that have one 

reactive site and several protected or unreactive groups. Past this initial step, the dendrimer growth 

proceeds with the activation of the previous protected or unreactive groups that are then ready to 

react with an excess amount of new branch cell units (see Figure 22). Between each growth and 

activation step, the purification of residual by-products is accomplished. The continuous repetition of 

growth/activation stages (iterative) will lead to the preparation of the dendrimer with increasing 

generations and number of end groups2,12,13,53,59,62,63.  
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Figure 22 – Schematic representation of the dendrimer synthesis through the controlled divergent 
growth. The activation can be accomplished by chemically removing the protection groups or through 
coupling (Figure adapted from Ref. 63). 

 

The most common branch cells units used in the controlled divergent growth are of the type AB2 

or AB3 (see Figure 23). The connectivity established between the individual branch cells monomers 

is mainly of (a) traditional covalent or (b) click type covalent2,12,13,25,53. 

 

 
Figure 23 – Examples of branch cell monomers that have been used in the controlled divergent 
growth. Note that in the divergent strategy “A” means the activated part and “B” the protected 
functionalities. 

 

For example, the preparation of the Tomalia-type PAMAM dendrimers proceeds through the 

divergent growth and relies on the traditional covalent bonding between the individual branch cell 

units. This synthesis involves the two-step iterative (i) Michael-addition of methyl acrylate with a 

polyamide followed by (ii) amidation based on the excess of 1,2-diaminoethane (see Figure 24). This 

excess is needed in order to avoid possible inter-dendrimer crosslinking as well as internal 

macrocyclization. The preparation of the PAMAM dendrimers relies on a wide range of amine or ester 
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functionalized cores. While the Tomalia-type PAMAM dendrimers start from an ethylenediamine core 

(EDA, 1→2), the Peng-type PAMAM dendrimers start from triethanolamine core (1→3). Until this 

date, many variations of this synthetic procedure have been proposed resulting in distinct 

PAMAM-type dendrimers. In the case of the PAMAM dendrimers almost any identity can be used as 

a core, where the only requirement relies on the ideal chemical functionality for the favorable iterative 

growth2,12,13,25,53. 

 
Figure 24 – Preparation of the Tomalia-type PAMAM dendrimer through the divergent approach 
(Figure adapted from Ref. 63). 

 

Many other dendrimer families can be prepared upon the controlled divergent strategy. 

Moreover, after reaching the intended generation, the end groups can be further post-functionalized 

with the desired chemical identity2,12,13,25,53.   

The major advantages of the divergent approach rely on the ability to attain high generation 

dendrimers, as well as the possible automation of the process. As a result, the divergent method has 

been the method of choice for the commercial preparation of higher generation PAMAM or PPI 

dendrimers, among others63.  

On the other hand, due to the exponential growth in the number of end groups after each 

generation, the degree of steric hindrance becomes higher at the surface as the generation increases. 

For this reason, through the divergent method, it can be difficult to proceed with the same quantitative 

reactivity among all the end groups (i.e. 100% conversion), which can lead to structural defects. In 

most of the cases, this issue cannot be surpassed even with excess amounts of reactants. 
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Additionally, the removal of the defective dendrimer structures from the “perfect” ones can be very 

difficult to achieve through the conventional purification techniques, since that the resulting 

compounds are highly similar in terms of chemistry, molecular weight and size. For example, in the 

case of PAMAM dendrimers, the defects caused by retro-Michael addition and intramolecular 

cyclization can strongly limit the perfection level past the G42,12,13,25,53,63.   

Nevertheless, novel approaches have been introduced to surpass some of the previous 

limitations and deliver the ability to prepare several dendrimer families with less structural defects and 

in an environmental friendly way. For example, the click type covalent synthesis relies on the use of 

two different but complementary monomers that react spontaneously under ideal conditions. Through 

this approach, an improved yield and faster preparation of dendrimers can be achieved. Recently, 

Bowman et al. reported a divergent click reaction for the preparation of dendrimers based on the use 

A*A2 (vinyl) and B*B2 (thiol) monomers. By sequentially reacting these monomers (see Figure 25), 

the authors claimed the preparation of 5th-generation dendrimers with 96 peripheral groups based on 

the thiol-Michael addition reaction conditions55.  

 

 
Figure 25 – Divergent click reaction reported by Bowman et al. (Figure adapted from Ref. 55). 

 

Many other examples of orthogonal “click” chemistry pairs have been reported until date for the 

divergent preparation of dendrimers (e.g. thiol-ene/esterification)64,65. Usually, these methods do not 

require any protection/deprotection steps and allow further functional group conversion without any 

side reactions. Consequently, this approach provides many useful advantages taking into 

consideration the ever increasing diversity and complexity of the emerging dendrimer families 

(see Figure 26)55,63. 
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Figure 26 – The continuous increase in diversity and complexity of dendrimer families and 
functionalities requires the development of faster and more efficient preparation methods (Figure 
adapted from Ref. 63). 
 

1.3.2. Preparation of dendrimers based on the controlled convergent growth 

 
Hawker and Fréchet firstly described the controlled convergent approach in the early 1990s. By 

that time, the authors were capable of preparing poly(aryl ether) dendrimers through the convergent 

synthesis66.  

Simply explained, this strategy relies on the early preparation of the dendrons that are then 

coupled to a multifunctional core (see Figure 27). The dendrons are usually constructed based on the 

AB2 type branch cell monomers and upon the same activation/deactivation conditions observed in the 

divergent method. Note that in the convergent approach, the “A” refers to the inactive functional group 

and “B” to the active moieties.  
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Figure 27 - Schematic representation of the dendrimer synthesis through the controlled convergent 
growth. As shown, the sequential reaction of an AB2 monomer with the desired terminal functionality 
will give rise to the 1st generation dendron. By repeating this strategy, the anticipated generation is 
obtained. The resulting dendrons are then attached to a multifunctional core (Figure adapted from 
Ref. 63). 

 

After reaching the desired generation, the dendrons are then coupled to the multifunctional core, 

resulting in a structure that is built from the exterior to the interior. At the end, since the resulting 

dendrimer contains terminal groups that are deactivated, a prior activation is needed in order to 

proceed with any further reaction on the dendrimer surface2,12,13,25,53,63,66.  

The poly(aryl ether) dendrimers initially prepared by Hawker and Fréchet, relied on the 

preparation of the peripheral units through the Williamson etherification between benzyl bromide and 

3,5-dihydroxybenzyl alcohol (see Figure 28). This freshly prepared dendron (G1) was then activated 

by substitution of the hydroxyl group with a bromide and coupled with the next branch cell unit. The 

further repetition of this steps could lend dendrons as high as the 4th generation, being then coupled 

to a trifunctional core13,63,66.   

Similarly to the divergent approach, the connectivity between the individual branch cell 

monomers can be mainly accomplished through the traditional covalent or click type covalent2,67. For 

example, phenyl functionalized PAMAM dendrimers (Christensen-type PAMAM, see Figure 29) have 

been prepared by the convergent approach based on the traditional covalent connectivity. The 

reaction relied on the preparation of dendrons with the partially protected 1,2-propenediamine branch 

cells, followed by the reaction with alkyl phenyl carbonates. The anchoring of the resulting dendrons 

with the core containing carboxylic acid moieties allowed the preparation of PAMAM dendrimers 

ranging from 4 to 32 end groups68.  
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Figure 28 – Synthesis of the G4 poly(aryl ether) dendrimers through the convergent approach (Figure 
adapted from Ref. 63). 

 
Figure 29 – The Christensen-type PAMAM dendrimers (Figure adapted from Ref. 68). 

 

Recently, Simanek et al. reported the preparation of G3 triazine dendrimers based on a 

microwave assisted iterative convergent approach. By performing aromatic nucleophilic substitutions 

on cyanuric chloride with primary amines, the authors were capable of producing monochlorotriazine 
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dendrons. These dendrons were then made to react with an excess amount of diamine yielding amine 

dendrons. After purification, the diamine dendrons were dimerized giving rise to the next sub-

generation (see Figure 30)69.  

 

 
Figure 30 – Iterative convergent synthesis of G3 triazine dendrimers (Figure adapted from Ref. 69). 
 

Moreover, Rajakumar et al. have recently described the preparation of triazole dendrimers with 

m-terphenyl surface units based on the convergent synthetic strategy and through the click chemistry 

approach (see Figure 31). By following propargylation, azidation and click chemistry conditions the 

authors were capable of synthesizing triazole dendrimers containing the chiral S-BINOL core.  

Interestingly, the authors also observed that these type of dendrimers presented antibacterial activity 

against Shigella dysenteriae, Staphylococcus aureus and Serratia marcescens70. 

 

 
 

Figure 31 - The chiral triazole dendrimers prepared by Rajakumar et al. (Figure adapted from Ref. 70). 
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Several advantages are associated with the convergent preparation of dendrimers or other 

dendritic structures. Firstly, due to the reduced number of reaction steps involved during each 

generation increment, it is possible to produce dendrimers with less structural defects. As shown in 

Figure 27, the propagation step requires a single reactive functional group. Moreover, at each 

coupling phase two dendrons react with a single monomer where the activation step compromises 

only one reaction per molecule independently of the generation. Based on this methodology, it is 

possible to have a fine control over the synthetic process and prepare dendrimer with greater purity 

and less structural effects when compared with the divergent approach2,12,13,58,63. 

Additionally, since that the convergent synthesis usually requires equimolar quantities of 

reagents, an easier preparative work-up is achieved along a less expensive application of reagents53.  

Contrary to the divergent synthesis, the purification process can be simply achieved through the 

traditional methods due to the greater differences in the molar mass and polarity between the final 

dendrimers and the by-products. Usually, after each coupling phase, the desired product is two times 

heavier than the starting dendron2,12,13,58,63.  

Another favorable aspect of the convergent method relies on the ability to create almost limitless 

dendrimer families based on the use of the same dendrons that only differ by the core (i.e. organic or 

inorganic). For this reason, many of the dendrimers that contain unique functional cores are usually 

synthesized by the convergent method. In addition, since that the coupling of the dendrons to the core 

only occurs in the last reaction step, the application of more sensitive functional cores can be 

accomplished. By this way, based on the convergent approach, many supramolecular dendrimers 

can be obtained through the self-assembly of dendrons around the functional core (see Figure 32)53.  

 
Figure 32 – The convergent synthesis and the ability to create unique dendrimer families containing 
distinct functional cores (Figure adapted from Ref. 53). 

 

The convergent synthesis can also facilitate the preparation of dendritic structures containing 

variable compositions and functionalities (see Figure 33). For example, dendrons containing different 
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end groups or generations can be coupled with each other or to the same core. The major class of 

dendrimers built from two dendrons with a distinct nature are the so-called “Janus dendrimers”63,71. 

The “Janus dendrimers” usually contain “two sides”, a hydrophilic part in one side and a hydrophobic 

part in another, giving rise to an amphiphilic molecule (see Figure 34)72. Other types of dendritic 

structures can also be prepared by the convergent approach including the dendritic-linear polymer 

hybrids53.  

 
Figure 33 – As reported by Weck et al., this dendrimer contains 9 azide termini, 9 amine termini and 
54 carboxylic acid groups (Figure adapted from Ref. 71). 

 

The major restriction of the convergent approach is the limited dendrimer growth that is 

influenced by chemical and stereochemical factors. As the generation of the dendron increases, the 

reactivity and availability of the focal points for further coupling are reduced. Consequently, the 

preparation of high generation dendrimers is very difficult to achieve. Moreover, the coupling of 

high-density dendrons can limit the accessibility of other dendritic structures to the core, leading to 

incomplete substitutions. As a result, only the dendrimers below the 6th generation can be prepared 

by the convergent synthesis12,53.  
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Figure 34 – Example of a G1 Janus dendrimer containing a polar (blue) and non-polar (red) sides 
(Figure adapted from Ref. 73). 

 

1.3.3. Other methods for the preparation of dendrimers 

 
With the development of highly complex dendritic structures, there was a need to redesign the 

traditional synthetic methods in order to surpass some of the existing limitations. The main goals of 

the novel synthetic methods rely on the ability to create high generation multifunctional dendritic 

structures in less time, following an environmental and economic friendly way (e.g. solvent- and metal 

catalyst-free reactions)13,53,54,63,64,74. 

If an accelerated and more efficient synthetic approach is desired, three major parameters 

should be taken into consideration. Firstly, the selection of commercially available/easily synthesized 

branch cell units should be ideally used. The application of more complex/difficult to obtain branch 

cells may limit the idea of an accelerated approach and the future research of the resulting 

dendrimers. Secondly, the number of reaction steps required for each generation increment should 

also be taken into consideration. For example, the synthesis of dendrimers without the need of 

activation steps may reduce the time required for their preparation. Third, the synthesis of dendrimers 

in one-pot chemistries can fairly reduce the time needed for purification of the final products13,53,63,64.  

Some of the novel accelerated and more efficient methods applied in the preparation of 

dendrimers are shortly discussed below. The further reading of the reviews published by Lipkowska et 

al.63 and Malkoch et al.64 is advised in order to understand in greater detail the recent accelerated 

approaches for the synthesis of dendrimers. 

The double-stage convergent method (or hypercore approach) relies on the initial preparation 

of low generation dendrons (with protected end groups) that are then coupled to a multifunctional core 

through their focal points. The resulting framework, called hypercore, is then made to react with a new 

set of dendrons (identical or not to the initial ones) resulting in dendrimers of high generation 

(see Figure 35). Through this method, the main limitation of the traditional convergent method can be 

surpassed thanks to the reduced steric crowding and the ability to rapidly create high generation 
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monodisperse dendrimers. Additionally, this method can also be used to prepare layer-block 

dendrimers, by producing architectures with distinct internal and external branches16,53,63. The 

double-stage convergent concept was initially introduced in 1991 by Fréchet et al. for the preparation 

of G7 dendrimers75.  

 
Figure 35 – Schematic representation of the double-stage convergent method (Figure adapted from 
reference 63). 

 

Nevertheless, the main limitation of the double-stage convergent method comes from the 

time-consuming preparation of the hypercore/dendrons, since that in most cases, it follows the 

traditional routes that are characteristic of the convergent synthesis. For this reason, hybridized 

methods started to emerge13,53,63,64. More recently, López et al. have reported the preparation of 

hybrid, layer-block dendrimers based on the alternate coupling of thienylenevinylene and 

phenylenevinylene units (see Figure 36). As described by the authors, the preparation of these 

dendrimers was accomplished by the combination of an orthogonal and convergent methodology76.  

 

 
Figure 36 – The layer-block dendrimers prepared by López et al. based on a hybridized approach 
(Figure adapted from Ref. 76). 
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Many other approaches have been recently reported for the facile and accelerated synthesis of 

dendrimers including: (a) hypermonomer method, (b) double-exponential method; (c) orthogonal 

coupling methods; (d) solid-phase routes; (e) supramolecular chemistry; (f) lego chemistry16,53,63. In 

order to have an idea of the great diversity of dendrimer families, simple concepts regarding some of 

these methods will be discussed below.  

The hypermonomer method explores the use of monomers containing higher functionality 

levels. Instead of the traditional AB2 or AB3 type branch cells monomers, typically in this method, AB4 

or higher type monomers are employed. Through this approach, dendrimers containing a high number 

of functional groups can be obtained in fewer steps. Recently, Wu et al. have reported the preparation 

of G2 polyhedral oligomeric silsesquioxane (POSS) dendrimers containing 392 terminal vinyl groups 

based on AB7 type POSS branch cell monomers and in less than 3 reaction steps (see Figure 37)77. 

  

 
Figure 37 – Schematic representation of the POSS dendrimers prepared by Wu et al. based on the 
use of a hypermonomer (Figure adapted from Ref. 77). 

 

In the double-exponential synthesis, fully protected low generation dendrons are firstly 

synthesized. These dendrons are then selectively split into two complementary groups: (a) one set of 

dendrons deprotected at the focal point and (b) another set of dendrons deprotected at the end 

groups. By orthogonally coupling the dendrons from the group (a) with the ones of the group (b), 

higher generation dendrons can be obtained. After achieving the desired generation through the 

iteration of the previous steps, the final dendrons are then convergently coupled to a multifunctional 
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core (see Figure 38). Through this method, the generation of the dendrons can be doubled in three 

steps: two activation sequences and one coupling phase. Interestingly, based on this approach, the 

preparation of G8 dendrons can be shortened in nine steps when compared to the traditional 

convergent method12,53,63,72,78.  

 

 
Figure 38 – Schematic representation for the preparation of dendrimers based on the 
double-exponential method (Figure adapted from Ref. 63). 

 

Several dendrimer families have been successfully prepared through the double-exponential 

synthesis, including some poly(amide) and poly(ester) dendrimers63,79. For example, the commercially 

available aliphatic polyester dendrimers based on 2,2-bis(hydroxymethyl)propionic acid (bis-MPA) 

(see Figure 39) can be prepared by the double-exponential method as firstly reported by Gitsov et 

al.80. 

 
Figure 39 – The G4 bis-MPA dendrimer that can be prepared by the double-exponential method 
(Figure adapted from Ref. 63). 
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The orthogonal approach exploits the use of two distinct sets of branch cell monomers that 

contain chemoselective groups. As a result, monomers of the type ABn and CDn are coupled in 

divergent or convergent approach. Thanks to their chemoselective functional units, specific groups of 

the ABn monomers will react at particular sites of the CDn monomers and vice-versa. As shown in the 

Figure 40, the A and B groups are selectively designed to react with the D and C groups respectively. 

Thanks to this chemoselectivity, there is no need to proceed with activation steps, resulting in reduced 

preparation times53,63,78.  

Although this method may provide an accelerated way for the preparation of some dendrimer 

families, a limited number of functionalities can be introduced into the dendritic structure. These 

limitations arises due the requirment of highly efficient orthogonal pairs that must not interfere with 

the reaction cycle53.   

 

 
Figure 40 – Orthogonal synthesis of dendrimers through the divergent approach (Figure adapted 
from Ref. 63). 

 

 In the last years, a large number of novel dendrimer families have been prepared through the 

orthogonal approach. Initially described by Splinder and Fréchet for the preparation of G3 poly(ether 

urethane) dendrons, this method was then tuned by Zimmerman et al. for the high yield preparation 

of G4 poly(alkyne ester) dendrons63,78,81,82. The advantage of this method is the ability to prepare 

dendrimers that contain alternating functionalities in the interior. For example, Recently, Roy et al. 

have reported the preparation of multifunctional carbohydrate-based dendrimers through the 

orthogonal coupling strategy (see Figure 41)60.   



 36 Part 3. Results and Discussion Part 1. Introduction - Dendrimers: from synthesis to cellular internalization 

 
Figure 41 – The carbohydrate-based dendrimer prepared by Roy et al. based on the orthogonal 
approach (Figure adapted from Ref. 60). 

 

In the solid phase synthesis, the preparation of the dendritic structures occurs in a step-wise 

approach. This method depends on the use of polymeric units that are employed to a solid support 

and then functionalized with the intended functional groups (see Figure 42)53.  

 

 
Figure 42 – Solid phase synthesis of dendritic structures (Figure adapted from Ref. 53). 

 

On the other hand, in the supramolecular self-assembly synthesis, the dendritic structures are 

mainly built upon the noncovalent interactions between complementary branch cells monomers that 

self-assemble into more complex structures. Many different interactions can contribute for the 

supramolecular synthesis of dendrimers including hydrogen-bonding, hydrophobic, among others 

(see Figure 43)53.  
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Figure 43 – Preparation of dendrimers based on self-assembly of individual components (Figure 
adapted from Ref. 53). 

 

Moreover, highly complex architectures can be prepared by the supramolecular self-assembly 

of distinct dendritic structures. Recently, Gu et al. reported the preparation of multifunctional 

supramolecular hybrid dendrimers based on low generation peptide dendrons (see Figure 44). As 

reported by the authors, these hybrid dendritic structures exhibited fluorescent signaling properties 

along with an interesting gene transfection efficiency83.     

 

 
Figure 44 – Schematic representation of the peptide dendrons and the conditions used for the 
preparation of multifunctional supramolecular hybrid dendrimers as reported by Gu et al. 
(TMAH = tetramethylammonium) (Figure adapted from Ref. 83). 
  

Finally, based on the lego chemistry concept and reassembling the same idea of the well-known 

child’s toys, the synthesis starts with a limited number of small building blocks that are then used to 

build extremely complex dendritic structures. This approach is usually applied to build dendrimers that 

contain highly functionalized cores and branching units. In some cases, the lego synthesis is designed 

in such a way that a great amplification of the terminal groups can be achieved in just a single reaction 

step. Another advantage of this method is the ability to proceed with the reactions using minimal 

quantities of solvent along with facile purification methods and environmental friendly by-products16,84. 

This method is usually applied for the preparation of phosphorous-based dendrimers85.  
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1.4. Main purification and characterization methods of dendrimers and their conjugates 
 

Thanks to the great diversity of dendrimer families, unique properties can be exploited for many 

different applications. However, the potential use of dendrimers in several fields depends on their 

rigorous and methodic characterization. Unfortunately, due to the complexity of the dendrimer 

architecture, their unequivocal analytical characterization can be very difficult to achieve. It is, 

therefore, essential that a conjugated set of characterization techniques is used in order to provide 

the most reliable information regarding this type of structures12,16,25,62,86,87.  

Taking into consideration that the dendrimer “kingdom” lies between the small molecular and 

macromolecular worlds, the dendritic structures may benefit from characterization techniques that are 

traditionally used in both cases (see Figure 45)2,62.  

 

 
Figure 45 – The most common characterization methods of dendrimers. 

 

Many different analytical techniques have been reported in the literature for the proper 

characterization of dendrimers and their conjugates. The determination of several parameters like, 

chemical composition, degree of functionalization, morphology, size, shape, purity or homogeneity 

depends on the simultaneous use of several techniques (see Figures 45 and 46). Moreover, the use 

of such analytical techniques is of outmost importance for the fine controlled synthesis and 

functionalization of dendrimers allowing by this way a better control of the reaction progress between 

each step2,12,16,25,62,86,87.  
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Figure 46 – Examples of characterization techniques used for the analysis of the individual dendrimer 
components. 

 

Given the great diversity of analytical techniques that can be employed for the analysis of 

dendrimers (see Figure 46), herein we will only discuss the characterization methods that were used 

in the current thesis. Additionally, in order to emphasize the importance of these characterization 

techniques in the dendrimer chemistry, an overview of their application for the analysis these 

structures is discussed in the next sections. 

For a more detailed information regarding the characterization of dendrimers and dendritic 

structures, the further reading of the following reviews is recommended2,12,16,25,62,86–88. Despite the 

great number of reference works related with the dendrimer characterization, a more generalized 

recent review regarding this topic is still required. 

 

1.4.1. Nuclear Magnetic Resonance (NMR) spectroscopy 

 
The NMR spectroscopy is a powerful and one of the most widely used techniques that have 

been applied to identify innumerous properties of dendrimers and other dendritic structures. In the 

last 20 years, many papers have been published based on 1-D and 2-D NMR experiments for the 

analysis of dendrimer-specific properties. Additionally, depending on the dendrimer family being 

studied, these structures are mainly analyzed by 1H and 13C NMR but can also be characterized by 
19F, 31P, 29Si, 57Fe, 119Sn or 195Pt, if these heteroatoms are present in the dendrimer scaffold2,12.  
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In a simple way, the NMR spectroscopy relies on the radio waves for the acquisition of a 

spectrum based on the resonance frequency of an atomic nucleus (nuclear spin). The signals 

obtained in the spectrum do not only depend on the external magnetic field but also on the electronic 

microenvironment of the nucleus being studied. That influence is measured in terms of chemical shift 

(δ) where each specific microenvironment results in a well-known and reported δ value. As a result, 

the existence of distinct nuclei/neighborhood moieties in a molecule, results in a fine NMR spectrum 

of that molecule dissolved in a solvent (i.e. deuterated solvent). Moreover, characteristic covalent 

linkages between atoms can be identified based on the scalar (J) coupling. Note that solid-phase 

NMR can also be applied for dendrimer characterization however it is less used than the liquid NMR12.  

Given the main concept behind the NMR spectroscopy, this technique is used to analyze 

transformations on the dendrimer surface as well as to control and confirm generational growth during 

their synthesis. As a result, the 1-D NMR characterization of dendrimers in solution is one of the most 

widely used methods to obtain valuable information about the dendrimer architecture. As shown in 

the Figure 46, thanks to the differences in the chemical environment between the atoms in the inner 

layers and the ones in the outer layer, the 1-D NMR can be used for the analysis of the surface atoms. 

However, these studies are more simplified for dendrimers at low generations (< 4th) or for dendrimers 

containing other heteroatoms (e.g. P, F, Si) in the dendritic scaffold2,12,16,25,62,86,87.   

Furthermore, the problem that may arise during the NMR characterization of high generation 

dendrimers is the possible overlapping of peaks. This behavior is usually observed due to the broad 

signals generated by chemically similar groups distributed at distinct microenvironments along the 

dendrimer scaffold. Moreover, the existence of defects (e.g. missing branches) is usually very difficult 

to detect solely based on the 1-D NMR characterization2,16,25,62,86,87.  

The multidimensional NMR spectroscopy (e.g. 2-D; 3-D) relies on the acquisition and plotting 

of additional data components into the NMR spectrum (e.g. resonance frequencies versus the 

spin/spin coupling, COSY). By this way, supplementary information can be obtained for further 

analysis of the dendrimer structure including, (a) the conformation of the dendrimer scaffold 

components; (b) the identification of stable host-guest complexes (e.g. drugs/fluorochromes); (c) the 

investigation of intermolecular interactions in solution; or (d) determination of the internuclear 

distances of the nuclei at different positions in the dendrimer scaffold12.  

Moreover, other NMR-based analysis including diffusion (DOSY) or dynamic NMR 

spectroscopies, have been recently used to study the influence of different environmental conditions 

(e.g. pH or temperature) over dendrimer scaffold. For example, in the diffusion NMR spectroscopy, 

through the determination of the self-diffusion coefficient, it is possible to accurately measure the 

hydrodynamic size of the dissolved dendrimer and the effect of the pH over this parameter89. On the 

other hand, the dynamic NMR spectroscopy has also been used to study the behavior of some 

dendrimer families in specific solvents (e.g. differences in the interior density). It is clear that the study 
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of such parameters is of utmost importance in order to understand and predict the influence of the 

biological medium over the dendrimer physicochemical properties12,90.   

 

1.4.2. Ultra-violet Visible Spectroscopy 

 
The Ultra-violet visible (UV-Vis) spectroscopy involves the detection of chemical groups that 

absorb radiation in the visible region (390-750 nm) of the electromagnetic spectrum.  

Simply explained, the appearance of bands/peaks in the UV-Vis spectrum occurs thanks to a 

set of electronic transitions that arise from the incident visible light radiation over the absorbing groups 

of the molecule being studied (i.e. chromophoric units). Mainly, these electronic transitions happen 

for molecules that contain organic groups with π electrons (bonding) or non-bonding electrons (n) that 

can absorb photons at a specific position of the visible spectrum (i.e. energy level). This absorption 

of light results in the transition of these electrons (excitation) to the molecular orbitals at higher energy 

levels (e.g. antibonding orbitals like π*). The energy gap (i.e. band gap) between the orbital from 

where the electron was excited to the orbital of higher energy level, will define the energy required for 

the transition to occur and as a result dictate the position of the band in the UV-Vis spectrum.  

It is important to note that, not only the electronic transitions contribute for the existence of peaks 

in the UV-Vis spectrum but also the lower-energy vibrational/rotational transitions (see Figure 47). As 

a result, the conjugated effect of these transition types leads to the formation of peaks where the most 

probable transitions contribute for the maximum absorption usually referred as λmax. In most cases, 

the UV-Vis analysis in accomplished in liquid phase resulting in peak broadening of the electronic 

transitions and the hindering of the vibrational/rotational transitions (e.g. due to hydrogen bonding, 

collisions). Additionally, for a proper analysis, the sample must be diluted in a pure and “transparent” 

solvent that does not absorb (cut-off) in the UV-Vis region (e.g. especially water, methanol, 

cyclohexane). For comparison purposes, the UV-Vis spectrum of the analyte must be ideally acquired 

based on the same reported solvents since that the use of different solvents may influence the 

intensity and the position of the absorption maximum2,16,62,91.  

For a more detailed explanation regarding the fundamental concepts of UV-Vis spectroscopy, 

the further reading of the following book is recommended91.  
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Figure 47 – Schematic representation of the different molecular energy levels where each electronic 
state is composed by a set of vibrational/rotational states. Note that the energy (E) is inversely 
proportional to the wavelength (λ). As a result, high energy transitions occur in the lower wavelengths 
(h = Plank’s constant; c = velocity of light) (Figure adapted from Ref. 92).  

 

Since that the UV-Vis spectroscopy is mainly a quantitative technique, there is limited ability to 

characterize the dendrimer structure solely based on this approach. Nevertheless, the UV-Vis 

analysis may help to uncover possible changes taking place on the surface or interior of the dendrimer 

scaffold. Moreover, the UV-Vis has also been used to determine the purity and the defect level of 

some dendrimers containing chromophoric units2,16,62,93,94. 

The most common electron transitions than can be observed in the dendrimer scaffold are of 

the type, n→π* (e.g. electron lone pairs in oxygen or nitrogen) and π→π* (e.g. carbonyl groups, 

double bonds, triple bonds or conjugated π systems). Since that σ→ σ* and n→ σ* transitions (e.g. 

simple carbon-carbon bonding) required more energy to occur, therefore they are not detected in the 

UV-Vis region but rather in the UV region (< 390 nm). Note that since that these transitions are 

sensitive to the surrounding chemical moieties, they may be used to complement other 

characterization techniques for further confirmation of the dendrimer surface functionalization2,15,52.   

Note also that for dendrimers containing inorganic groups, the UV-Vis absorptions that involve 

the d- or f- orbitals can also be detected in the spectrum (charge-transfer complex)†. As a result, the 

complexation of metal ions inside the dendrimer scaffold can be followed based on the UV-Vis 

analysis thanks to a change in the orbital energy levels that comes from this process. For example, 

the stabilization/encapsulation of metal nanoparticles in the dendrimer scaffold can also be followed 

†For metals, the electronic transition consists of a charge-transfer complex where an electron-donor group is 
associated with an electron acceptor. With the absorption of photons an electron of the donor group is 
transferred to an orbital that is mainly associated with the acceptor.  

E = h c / λ 
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through the UV-Vis analysis based on the appearance of characteristic surface plasmon resonance 

bands (SPR) in the spectrum95,96.  

As mentioned earlier, the quantitative analysis that is characteristic of the UV-Vis spectroscopy 

may be exploited in favor of the dendrimer characterization. Based on the Beer’s Law (see Figure 48), 

it is possible to determine the concentration or molar absorptivity values depending on the 

experimental data that is available. By this way, the successful quantitative determination of 

chromophoric units within each dendrimer generation can be accomplished62,97,98.  

Additionally, if the basic principles of the Beer’s Law are maintained (see Figure 48), it can be 

used to determine the purity and perfection level of the dendrimers containing UV-vis absorbing units. 

Interestingly, if an UV-Vis absorbing core is used, the changes in the λmax may be followed in order to 

predict possible conformation variations in the dendrimer scaffold as a function of the environmental 

conditions62,97,98.  

Finally, the UV-vis analysis has also been applied to follow the conjugation of chemical moieties 

to the dendrimer scaffold. For example, fluorochromes can display distinct λmax positions when 

coupled with the dendrimer scaffold and which may be used to differentiate from the non-conjugated 

counterpart62,97,98. 

 

 
Figure 48 – The Beer’s law and its real and chemical limitations (A = absorbance; ε = molar 
absorptivity; b = path length; c = concentration). 

 

1.4.3. Infrared spectroscopy 

 
The infrared (IR) spectroscopy has been largely used for the identification of functional groups 

that typically present characteristic bands in the infrared region. The basic concept of the infrared 

spectroscopy relies on the use of light with a longer wavelength than the visible light (i.e. infrared 
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radiation), that passes through the sample and leads to specific modes of vibration/rotation of most 

chemical bonds. A wide range of functional groups are well reported in the literature in relation to their 

modes of vibration and the associated energies of the corresponding vibrational transitions (e.g. 

amine, carbonyl, carboxyl groups). The Fourier transform mid-infrared (FTIR) spectroscopy 

(  = 4000-400 cm-1) has been mainly employed to study the vibrational and rotational-vibrational 

structure of the dendrimer terminal groups. By this way, the chemical transformations occurring in the 

dendrimer surface can be followed either during their synthesis or to assess the post-synthetic 

functionalization (e.g. drugs, targeting groups)2,16,62.  

The FTIR spectrum can be obtained either in solution or solid phase; however, the latter is the 

most commonly used approach for the dendrimer characterization. Mainly, in solid phase, the 

spectrum can be obtained by pressing the sample with KBr at high pressures (KBr pellets) or through 

the direct sample measurement using an Attenuated Total Reflectance (ATR) cell (see Figure 49).  

The FTIR-ATR characterization is especially useful for the analysis of certain functional groups such 

as isothiocyanates (-N=C=S), carbonyl (-C=O) or nitriles (-C≡N)2,16,62.  

Note that many other IR related techniques have been used for the analysis of dendrimer 

properties which will not be discussed here (e.g. Raman, FTIR-ERS). For example, FTIR-ERS (see 

Figure 49) can also be employed to explore possible conformational or chemical changes on the 

dendrimer surface99. Moreover, low-frequency Raman spectroscopy has been applied to investigate 

the end group steric crowding of the high generation dendrimers100. Also, the near infrared 

spectroscopy (NIR) was successfully used for the analysis of π- π interactions2.  

 

 
Figure 49 – Schematic representation of the differences between the ATR (A) and ERS (B) 

spectroscopies (Figure adapted from Ref. 101).  

 

The FTIR has also been used to study dipole-dipole interactions and conformational changes 

between dendrimer end groups and other chemical moieties (e.g. drugs, nanoparticles) based on the 

energy changes of the vibrational/rotation level (wavenumber ( ) shift). Additionally, based on the 
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wavenumber shift of the interior functional groups, FTIR has been applied to assess the possible 

encapsulation/endo-complexation of drugs, fluorochromes or metals in the dendrimer scaffold102–109. 

 

1.4.4. Fluorescence spectroscopy/microscopy and fluorochromes 

 
The term fluorescence refers to the phenomenon of energy reemission by a molecule that was 

initially excited by the absorption of incident radiation. The time difference between the absorption 

and emission of radiation is usually referred as fluorescence lifetime and defines the time that a 

molecule remains in the excited state. 

As described in the previous sections, the absorption of UV radiation by a molecule results on 

the electron transition from a lower energy orbital to a higher energy one (see Figure 50). In order for 

that transition to occur, the energy of the incident photons must match the corresponding energy gap 

between the lower energy and the higher energy orbitals (energy conservation principle)91,110.  

 

 
Figure 50 – Schematic representation of the different energy levels and the possible transitions that 
may occur as a function of incident radiation (Figure adapted from Ref. 91).  

 

As shown in Figure 50, after achieving the excited state, distinct electronic processes usually 

happen in order for a molecule to return to the lower and stable energy state. As a result, competing 

with the fluorescent emission, fast internal conversions (IC, ~10-12 s) along with a set of vibrational 

relaxations (~10-10-10-11 s) take place in the molecule (i.e. known as nonradiative relaxations). The 
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nonradiative mechanisms are characterized by electronic relaxation processes that involve the 

conversion of excited species to lower energy/vibrational states*.  

On the other hand and less frequently, the fluorescent emission can also occur depending on 

the molecule and the surrounding conditions. This process involves the slower (~10-10-10-5 s) 

transition of electrons from the lowest excited energy state at E1 to the several vibrational levels at 

the ground energy state (E0). By this way, the fluorescent emission involves the transmission of 

photons with specific energy that are at lower wavelengths than the ones absorbed. This difference 

between the absorption and emission maxima is known as Stokes-Shift91,110. 

For most of the fluorochromes very small quantities of the dye are required in order to attain a 

fluorescent signal (in the order of the ppm). Note that a proper selection of the ideal fluorochrome is 

important when a reliable fluorescence analysis is intended. As a result, the physicochemical 

properties (e.g. nature, size, cytotoxicity) of the selected fluorescent dye along with the environmental 

conditions where the fluorochrome will be employed should be taken into consideration for any type 

of analysis. 

Ideally, for cell studies, the selection of the proper fluorescent dye relies on the sufficient 

photostability, the excitability upon conventional light sources, the minimal fluorescent background 

from the biological matrix and the capability to produce sufficient brightness to be detected with the 

most common instrumentation. Also parameters such as solubility, size/steric effects, temperature†, 

viscosity or pH dependence must be taken into consideration.  

Another interesting factor that should be addressed is the structural exposure of the 

fluorochromes to the components in the environment. For example, while most of the organic dyes 

may lose their fluorescent ability or photobleach in the presence of molecular oxygen (i.e. due to 

changes in the π system), “rigid” dyes (e.g. inorganic nanoparticles) tend to be more photostable 

under such conditions. 

It is important to outline that for most of the fluorescent dyes, the fluorescence intensity strongly 

depends on the concentration of the dye. However, after a specific threshold and at very high 

concentrations this relationship is broken. With the continuous increase in the concentration the 

fluorescence intensity starts to decline due to the well-known primary and secondary absorption 

processes (i.e. inner filter effects) that are caused by the excess of surrounding molecules (see 

Figure 51).  

For molecular conjugation purposes, the selection of the proper fluorochrome should rely on 

additional considerations. The chemical availability of the coupling site and the possible 

concentration/localization effects should be taken into analysis. For example, in the case of the 

*In the liquid medium, the transfer of the excess energy is accomplished from the excited molecule to the solvent 
molecules.  
†High temperatures lead to a hindered fluorescent activity due to the increased number of collisions between 
the molecules of the solvent and the fluorochrome.  
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fluorochrome-dendrimer surface functionalization, the selection of the ideal fluorescent marker 

depends on the reactivity/specificity of the dye to the terminal groups of the dendrimer. Moreover, due 

to the nature of the dendrimer scaffold possible steric and quenching* effects should also be taken 

into account.  

 
Figure 51 – The fluorescent signal of organic dye with the continuous increase in the concentration. 
Due to this behavior, the conjugation of fluorescent probes with dendrimers must not be extensive 
(Figure adapted from Ref. 91). 

 

The Table 2 outlines some of the fluorescent markers and compares the aforementioned key 

properties that should be taken into account when selecting a fluorescent probe for dendrimer 

functionalization. 

 

Table 2 – Different types of fluorescent dyes and the relationship of some key parameters (each 
parameter is valued from 1 (low) to 4 (high) – Data adapted from Ref. 110). 

 

*Quenching is the term used to describe a decrease or complete depletion of the fluorescence emitted by a 
fluorochrome. 
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Several parameters can be used to differentiate the fluorescent applicability and efficiency of 

the molecules. Mainly, the quantum yield (QY) may be applied for these comparative purposes. 

Simply, this parameter is defined by the ratio between the number of photons emitted and the ones 

that were absorbed. While highly fluorescent molecules exhibit high QY (near 1), weakly fluorescent 

molecules tend to show very low QY (almost 0). Another parameter that may be used to classify the 

fluorescent applicability of different molecules is the molar extinction coefficient (ε, M−1cm−1). Ideally, 

fluorochromes should exhibit high extinction coefficients, meaning that they have a higher ability to 

absorb photons at a particular wavelength.  

Many different organic or inorganic fluorescent dyes are available. These are classified as 

biological (e.g. fluorescent proteins, etc.) or synthetic (e.g. fluorescein, fluorescent inorganic 

nanoparticles, etc.) depending on their origin and nature. 

Since that in the current work only synthetic organic dyes were conjugated to the PAMAM 

dendrimer scaffold, only the basic concepts regarding this class of fluorochromes will be discussed. 

If additional information regarding other fluorescent dyes is desired, the further reading of the following 

references is recommended91,110.  

A large variety of organic dyes with distinct wavelength emissions can be commercially obtained 

covering the whole region of the UV-vis spectrum. Although a small number of organic aliphatic or 

conjugated double-bound structures exhibit fluorescence, the most common fluorescent organic 

molecules are the compounds that contain polycyclic aromatic systems. As a result, the most efficient 

and usual organic fluorochromes present a rigid and planar structure containing a multitude of 

conjugated π systems. Furthermore, the most commonly used dyes exhibit a typical molecular weight 

of ~250-1500 g.mol-1.  

While simple aromatic structures do not display high fluorescent activity, highly fused aromatic 

ring structures tend to exhibit strong molecular fluorescence. This phenomenon happens thanks to 

the characteristic electronic systems on the fused aromatic structures that cause a shift of the 

absorption/emission maximum into the visible region of the electromagnetic spectrum. Additionally, 

more rigid conjugated π systems tend to exhibit improved molecular fluorescence. The increased 

molecular rigidity decreases the rate of nonradiative relaxations, giving more time for the fluorescent 

relaxation to occur.  

The most efficient organic fluorescent dyes present high ε and QYs along with Stokes-shifts 

that range from 20 to 40 nm. Some examples of organic dyes are presented in the Figure 52, including 

the one that was used in the current thesis for PAMAM dendrimer functionalization, the FITC. 

As shown in the Figure 52, each organic dye is characterized by advantages and limitations. 

Thanks to the improved knowledge related with the fluorescent behavior of molecules, many 

fluorescent dyes with unique properties are currently available in the market. Some of them include 

special functional groups for an improved stability and a facile conjugation with dendrimers or 

biomolecules. Nonetheless, some of these dyes are still very expensive to obtain (> 200 € per mg). 
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Additionally in some cases, even with the best fluorochromes, the controlled and equivalent surface 

functionalization within each dendrimer is extremely difficult to achieve.   

  

 
Figure 52 – Some of the most commonly used fluorochromes and the associated 
limitations/advantages. 

 

Different types of instrumentation may be used for the analysis of dendrimer conjugates 

containing fluorescent moieties. Some examples explained below include fluorescence spectroscopy 

or microscopy. 

In fluorescence spectroscopy, an emission spectrum is acquired mainly through the use of a 

spectrofluorometer. Similarly to the absorption spectrum in the UV-Vis analysis, the emission 

spectrum is built based on the different fluorescent relaxation transitions that are represented in the 

Figure 50. Likewise, the emission maximum corresponds to the transitions that are more probable to 

occur. Note that in the emission analysis, each fluorescent relaxation contributes for a single line in 

the spectrum, however due to the global effect of each individual relaxation processes along with the 

fluorochrome-solvent collisions (higher in polar solvents), a broader peak is obtained rather than the 

mentioned single lines91,110.  

Although the fluorescence spectroscopy is not a major qualitative technique, it can be used 

along with other techniques to predict the behavior of fluorescent dyes and their conjugates in specific 

conditions (e.g. effect of pH, buffers or metal ions or stability in the biological medium). For example, 
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Staneva et al. have reported the preparation of fluorescently labeled PAMAM dendrimers 

(see Figure 53A) that have the capability to act as sensors for metal cations (e.g. Ag2+, Cu2+ or Fe3+). 

Based on the spectroscopic analysis, the authors verified that in the presence of some metal cations, 

the fluorescent intensity increased in several orders of magnitude. Moreover, under distinct pH and 

solvent conditions the authors have shown that these fluorescent PAMAM dendrimers exhibited 

unique changes in the emission spectrum elucidating the possible use of these structures as sensors 

for the detection of metals or ions in solution62,111.  

The fluorescent spectroscopic analysis can provide important additional information over the 

UV-vis characterization, thanks to the impressive sensitivity of the most recent spectrofluorometers. 

The basic explanation behind such sensitivity is that while the absorbance is independent of the 

source intensity, in fluorescence, the radiant power that is emitted by the sample is strongly dependent 

of the source power91,110. 

Additionally, the fluorescence spectroscopy may be used along with other characterization 

techniques to assess the successful conjugation of fluorochromes into the dendrimer scaffold. 

However, it can only be done under optimal conditions and if the complete purification from the 

unconjugated dye is assured. Furthermore, fluorescence spectroscopy has also been applied to aid 

in the quantification of defects in dendrimers containing covalently bound fluorescent groups91,110. 

 
Figure 53 – Example of dendrimers containing fluorescent units: (A) G1 PAMAM dendrimer 
containing the fluorescent 4-N,N-dimethylaminoethyloxy-1,8-naphthalimide at the periphery, as 
reported by Staneva et al.; (B) the dendrimer structure containing the 2’,4’,5’,7’-tetraiodofluorescein 
(TIF) coupled to the core as reported by Sharma et al. (Figure adapted from Refs. 111 and 114). 

 

The fluorescence spectroscopy can also help in the characterization and determination of the 

fluorescent power of dendrimers presenting fluorescent units in the core, branching cells or at the 

periphery112,113. Recently, Sharma et al. have reported the successful preparation of multifunctional 

traceable dendrimers for drug delivery applications (see Figure 53B)114. The authors have reported 

the preparation of dendrimers containing the 2’,4’,5’,7’-tetraiodofluorescein (TIF) coupled to the core. 
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Based on the spectroscopic analysis, the authors observed that these fluorescent dendrimers could 

be effectively used for cell studies since that no deep changes in the fluorescent activity of the TIF 

fluorochrome was observed after coupling. Moreover, the authors also verified that, after conjugation, 

a red shift in the absorption maximum of the conjugated TIF (~ 10-20 nm) could be detected and used 

to differentiate from the unconjugated fluorescent dye114. Similar observations have been done for 

other dendrimer-fluorochrome conjugates, including the FITC115,116.  

Furthermore, the emission spectrum has also been applied to exploit the quenching power or 

to investigate the surface crowding during generational growth of some dendrimer families62. Also, 

other fluorescence techniques have been recently used to smartly identify possible morphological 

changes in dendritic structures upon a range of temperatures117. 

The fluorescence microscope can be primarily applied to preview the behavior of the 

dendrimer-fluorochrome conjugates in an intact biological medium before using more complex 

techniques. Basically, the fluorescence microscopy uses an optical microscope that takes advantage 

of analytes containing fluorescent units. In this type of microscopy the analyte is excited by an incident 

source of radiation (e.g. mercury arc lamp) where the emitted fluorescence is then “optimized”* in 

order for the fluorescence light to reach the observer or electronic detector110.  

A preliminary analysis of the cellular trafficking of dendrimer conjugates containing fluorescent 

units may be followed based on the microscopy observations (especially with higher resolution 

techniques like confocal microscopy). As a result, the coupling of fluorescent units to a nonfluorescent 

dendrimer scaffolds can serve as a useful tool to understand the cellular fate of dendrimers specifically 

designed for drug or gene delivery118–121. For example, based on the microscope visualization along 

with other characterization techniques it was found that PAMAM dendrimers tend to exhibit intrinsic 

fluorescent activity under specific aging conditions (e.g. action of molecular oxygen present in the air 

or heat), due to the existence of amide resonance structures109,122,123.  

 

1.4.5. Surface Charge and Zeta potential 

 
When in ionic solutions, the dendrimers possessing a net-charge will be surrounded by a 

strongly bound layer of counter ions (i.e. Stern layer). As the distance from the dendrimer surface 

increases, a second layer of loosely bound counter ions is also present. This set of two ionic layers is 

usually referred as electrical double layer.  

As the dendrimers move in solution (e.g. due to Brownian motion), a potential is observed 

between the second layer (slipping plane) and the ions dispersed in the medium. This potential is 

known as zeta-potential (ξ, expressed in mV) and it is characterized to decay exponentially as the 

*Note that the fluorescence is emitted in all directions, however only a small fraction is “selected” through a light 
cone. A set of high quality optical filters is then used to give rise to an “optimized” final image. 
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distance from this boundary increases (see Figure 54). By this way, the determination of the 

zeta-potential is a plausible method to characterize the surface charge of the dendrimer scaffold.   

Moreover, the determination of the zeta potential can also provide useful information regarding 

the stability of the dendrimers in solution. Usually, when the ξ value is not sufficient enough to produce 

repulsion forces capable of surpassing the kinetic energy that arise from the particle collisions, 

agglomeration may occur through Van der Waals interactions, indicating poor stability in the analyzed 

conditions. As indicative values, usually dendrimers and other particles presenting ξ values superior 

to + 30 mV and inferior to - 30 mV, show improved stability than the structures with ξ within this 

range124,125. 

 

 
Figure 54 – Schematic representation of (A) the zeta potential boundary and (B) its determination 
through an incident laser and based on the electrophoretic mobility of the particles in solution (Figure 
adapted from Ref. 126). 

 

In the zeta potential measurements, the final value, in mV, is not a product of the direct surface 

charge measurement but rather a determination of the particle movement. After placing the sample 

in a capillary cell and under optimal conditions, an electrical field is applied across the whole sample. 

This potential will force the particles in solution to move to the electrodes of opposite charge. As a 

result, this movement of the dispersed particles, called electrophoretic mobility, is measured based 

on the scattering of an incident laser (see Figure 54) and converted into ξ through a mathematical 

formula (Henry equation)125,126.  

It is important to note that the ξ does not only depend of the dendrimer surface charge but also 

on the properties of the dispersing solution (e.g. pH, ionic strength, viscosity, impurities, sample 

concentration). For example, while the quantity of ions in solution has an impact over the density 
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charge around the dendrimer surface, the pH has a strong influence on the shape and net-charge of 

some dendrimer families. Additionally, the ξ measurement of the dendrimer conjugates (e.g. 

functionalized with drugs or fluorochromes) is a way to predict the behavior and stability of these 

conjugates in solution (e.g. biological medium)125,127.  

As an example, at physiological pH conditions (pH ~ 7.4), the PAMAM dendrimers may exhibit 

distinct ξ values depending on the surface functionality. The PAMAM dendrimers with primary amine 

end groups exhibit a positive ξ since that most of end groups are protonated at pH 7.4. On the other 

hand, the PAMAM dendrimers with carboxyl terminal units are characterized by a negative ξ due to 

the ionization level of the terminal units at physiological pH. Moreover, in both cases, the ξ value is 

greater for higher generations, since that the number of terminal groups also increases. Additionally, 

the PAMAM dendrimers containing hydroxyl terminal units exhibit almost neutral ξ values, under the 

same conditions, due to the partial protonation state of the end groups36,128.  

It is worth to mentioning that the interior amides of the PAMAM dendrimer scaffold are also 

strongly dependent on the pH of the dispersing medium. For example, as the pH of the medium 

decreases the interior tertiary amines start to protonate leading to molecular expansion and shifting 

the ξ to more positive values129.  

 

1.4.6. Purification techniques 

 
In order to obtain a complete and unequivocal characterization of the synthesized dendrimers 

or related conjugates, it is essential to assure that the final products are free of by-products or 

unconjugated chemical moieties. Several separation and purification techniques have been 

successfully reported as useful approaches for the removal of by-products from the final dendrimer 

structures. Some examples include: chromatographic techniques, electrophoretic separation, dialysis 

or ultrafiltration2,12,16,62,130.   

In the current thesis, two distinct purification techniques were explored with the intention of 

removing as much as possible the secondary products (i.e. unconjugated dye and unreacted coupling 

agents) from the final dendrimer-FITC conjugates. As a result, only the techniques that were applied 

in the current work will be effectively discussed below. If a better understanding of other purification 

techniques is desired, we recommend the further reading of the following works2,12,16,62,87,88,131.  

Despite the great efforts accomplished until today for the purification of dendrimer products, we 

defend that this subject is still lacking of a more methodological and standardized approach. As we 

will see later on, in some cases many of the reported purification methods are not so efficient for the 

complete removal of by-products from the final dendrimer structures or conjugates. Additionally, many 

of the commercially available dendrimers are not completely free of structural defects or by-products 

(see Figure 55). As reported by several research groups, commercially available PAMAM dendrimers 
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may exhibit missing arms, dimers or trailing generations which can increase even further the difficulty 

of an efficient conjugation or complete purification of final dendrimer products88,130,132.   

 

 
Figure 55 – Chromatographic analysis of commercial G5 PAMAM dendrimers (Figure adapted from 
Ref. 132). 

 

A) Dialysis 

 

The separation of small molecules from biological macromolecules through dialysis has been 

widely used for several years in the biochemistry field. As mentioned before, since that high 

generation dendrimers usually exhibit a very high molecular weight, the membrane separation 

through dialysis has also been largely applied for the preliminary purification of dendrimers from low 

molecular weight impurities98,133–136. 

The dialysis separation occurs in size and time-dependent manner. Briefly, the solution 

containing the sample is placed inside a semi-permeable membrane that will be in contact with a 

“buffer” (i.e. dialysate) that is in several order of magnitude greater in volume than the sample volume. 

 The degree of the membrane permeability should be properly selected depending on the 

material to be purified. Currently, many different kinds of membranes with distinct pore-sizes (cut-off 

between 100-100 000 D) and chemistries (e.g. cellulose ester or regenerated cellulose) are 

commercially available. As a result, depending on the membrane pore-size, molecules with high MW 

will be retained, while molecules with an MW below the membrane cut-off will freely pass in both 

directions. The concentration of smaller molecules between the sample and the dialysate will define 

their diffusion through the membrane pore in a time-dependent manner (see Figure 56). 

Consequently, due to the existence of an osmotic pressure gradient, the small molecules will mainly 
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move from regions of high concentration to low concentration gradients (Flick’s Law). Usually, through 

this approach up to 90%* of the sample is recovered and successfully separated from smaller 

molecules.  

For an optimal separation, a continuous change of the dialysate is essential to assure the 

continuous diffusion of the impurities throughout the membrane and prevent the by-product 

concentration equilibrium in both sides of the membrane. 

 
Figure 56 – Time-lapse of molecular separation by dialysis: at t=0, the sample is placed in a container 
where VD is much higher than VS; after some time (t1), the molecules with a MW below the membrane 
cut-off (blue) can freely pass through the membrane from regions of higher concentration gradient 
(inside the membrane, left side) to lower ones (dialysate, right side). Note that small molecules from 
the dialysate will also move in the opposite direction into the membrane; at the final phase of the 
dialysis (t2) since that VD is much higher than VS the impurities are present at almost undetectable 
levels (Figure adapted from Ref. 137). 
 

Several factors may influence the separation efficiency and the acquisition of a stable product. 

As a result some of the parameters that should be taken into consideration during dialysis are: (a) 

ideal diffusion time for separation, which is highly dependent of the membrane area, temperature, 

viscosity, sample concentration or ionic strength; (b) membrane chemistry and its resistance to the 

dialysate; (c) set-up of the dialysis system (e.g. higher dialysate volumes result in improved 

separation; moreover, the dialysate flow around the membrane may also help in the separation)137.  

Although dialysis does not assure the complete removal of by-products from dendrimer 

conjugates, it is a facile and simple technique that may be followed as a preliminary approach for the 

*There is always an associated sample loss, e.g. sample adsorption in the membrane. 
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purification. Additionally, this technique does not require extreme chemical or physical conditions 

which may be ideal for the initial purification of more sensitive dendrimer conjugates containing drugs 

or fluorescent dyes. Contrary to the linear polymers, the dialysis has been largely applied for the 

purification of dendrimers since that no reptation is observed, especially in the case of the higher 

generation globular dendrimer structures2,137.  

Since that in most of the cases, a complete purification cannot be achieved by dialysis, a 

conjugated set of purification methods (e.g. chromatography) are applied in order to improve the purity 

of the final dendrimer conjugates. It is also worth to mention that the dialysis separation is usually 

verified with the aid of other analytical techniques like thin layer chromatography (TLC), mass 

spectrometry (MS), NMR, fluorescence or UV-Vis spectroscopy.  

 

B) Chromatography and the Size-exclusion chromatography (SEC) 

 

The chromatography refers to a collective set of separation methods that rely on the physical 

individualization of each chemically distinct component that may be present in a mixture. This 

separation is accomplished through a set of equilibrium processes between the mobile and the 

stationary phase. In liquid chromatography, the sample is dispersed into a liquid medium (mobile 

phase) that will pass through a stationary phase (this process is termed elution). The further elution 

of the mobile phase with the aid of gravity or pressure will promote the movement of the sample 

throughout the stationary phase. 

The degree of differential partitioning between the mobile and stationary phases will define the 

retention time of the components existing in a mixture and cause their separation (see Figure 57). 

Mainly, sample molecules that interact more strongly with the stationary phase will be retained longer 

that the ones that interact less. As a result, if a proper detector is placed at the end of the stationary 

phase, a graphical representation may be obtained (chromatogram) and provide useful information 

regarding the analyte concentration as a function of time (retention time).  

Different types of chromatographic techniques may be use for separation (see Figure 58), where 

the main distinction between them relies on the way that the samples are eluted and on 

physicochemical nature of the mobile and stationary phases. For example, the mobile phase may be 

liquid or an inert gas depending if liquid or gas chromatography are used, respectively. In contrast, 

the stationary phase can be packed in either a column or planar surface in the case where column or 

layer chromatography is applied, respectively. The physicochemical nature (e.g. polarity, composition, 

column diameter or pore-size or temperature) of both phases may be tuned in order to provide 

improved separation of the individual sample components.  
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Figure 57 – An example of a chromatographic separation where the stationary phase is packed inside 
a column. The analytes A and B that were initially together (t = 0), are progressively separated during 
their elution. Since that analyte B had a greater affinity with the stationary phase, it stayed longer 
inside the column than A. If a detector is placed at the end of the column a chromatogram can be 
obtained (Figure adapted from Ref. 91).  

 

In chromatography, the separation can be done with two different objectives: (a) preparative or 

(b) analytical. In the preparative chromatography, the goal is to separate the different components of 

a mixture for further application or characterization. On the other hand, in the analytical 

chromatography, smaller amounts of sample are used with the main objective of identifying and 

quantifying the individual components of the mixture.  

 

 
Figure 58 – Schematic representation of the different chromatographic techniques (Note: GC = Gas 
Chromatography; LC = Liquid Chromatography; MP = Mobile Phase; SP = Stationary Phase) (Figure 
adapted from Ref. 91). 
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Any of the chromatographic techniques may be coupled with a multitude of other analytical 

techniques (e.g. spectroscopic or spectrometric) allowing the immediate identification and 

quantification of the mixture components right after their separation.   

For a better understanding of the different chromatography techniques, we recommend the 

further reading of the following references91,138–140.  

Many different types of chromatographic techniques have been successfully applied in the 

dendrimer chemistry. Some examples include the quantitative and qualitative analysis of the 

functionalization or solubility degree of PAMAM dendrimers through LC coupled with MS or 

UV-Vis141,142. Other novel applications comprise the quantitative study of the PAMAM dendrimers 

present in the urine143 or even the use of some dendrimer families as stationary phase for the 

ion-exchange separation of biomolecules144.   

Usually, the efficient separation of higher generation dendrimer samples is mainly accomplished 

through high-performance liquid chromatography (HPLC) since that structures with high molecular 

weight are very difficult to volatilize and, as a result cannot, be separated through GC12. It is worth 

mentioning that since the dendrimer surface mainly defines its interaction with the stationary phase, 

the polarity of the end groups should be taken into consideration in order to achieve a successful 

separation from the secondary products. For example, if the polarities of the dendrimer end-groups 

and stationary phase are too similar a strong retention may occur in which can hamper the successful 

elution of the dendrimer2,12.   

Several works have reported the use of a preparative approach for the purification of dendrimers 

or dendrimer conjugates. For example, preparative LC has been widely applied for the purification of 

dendrimers since that it allows the loading and separation of large samples (> 1 g). Additionally, 

thin-layer chromatography (TLC) is routinely used during dendrimer conjugation or synthesis, since it 

allows the facile and preliminary identification of impurities.  

Another facile and widely used approach for the purification of dendrimer is by size-exclusion 

chromatography (SEC). In this separation method, the packing of the column is composed by a 

well-defined and uniform porous polymeric gel (e.g. dextran - SephadexTM). The SEC is characterized 

as a sub-type of liquid chromatography that allows the separation of dendrimers from by-products 

mainly based on the differences of their molecular sizes in solution (i.e. hydrodynamic volume). 

Contrary to the traditional chromatographic techniques, in SEC the dominant factor for a successful 

separation is the molecular size and not the affinity to the stationary phase.  

The SEC separation may be accomplished in different ways depending on the set-up used to 

perform the purification. Mainly two types of SEC set-ups can be used, containing: (a) high-pressure 

columns or; (b) high-throughput columns. In recent years, many works have focused in the purification 

of dendrimers based on the use of high-throughput SEC columns since that the separation is faster 

and simpler. However, it is important to note that a more efficient separation is usually achieved based 

on the use of high-pressure SEC columns.  
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Currently, many different types of SEC columns are commercially available with distinct packing 

chemistries and pore sizes. The selection of the proper column depends on the size of the molecules 

to be separated and on the elution conditions139. 

The separation through SEC occurs based on the use of a mobile phase containing the sample 

that will pass through the porous column. As a function of the column pore size, large molecules will 

pass through the interstitial spaces of the pores, while smaller molecules will penetrate into the pores 

and be temporarily retained inside the column. By this way, since that the dendrimers exhibit a high 

molecular size, they do not penetrate into the pores of the column and as a result they are generally 

eluted first than the small molecular size contaminants (see Figure 59). As a result, this strategy may 

be applied for the separation of dendrimer conjugates from unconjugated fluorescent dyes or drugs 

that are usually much smaller145,146.  

 

 
Figure 59 – Schematic representation of dendrimer purification through SEC (Figure adapted from 
Ref. 12). 

 

Ideally, if a detector (e.g. fluorescence or UV/vis) is placed at the end of the column, it can 

provide useful information regarding the elution time and by this way allow the collection of the ideal 

fractions containing the purified dendrimer product. Provided with the proper detector, the SEC may 

also be used for the molecular-weight (MW) characterization of different dendrimer generations. This 

technique may also be useful for the removal of residual monomers or highly defective dendritic 
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structures that are usually present in the divergently synthesized dendrimers. Note however, that 

dendrimers with low degree of defects cannot be removed through SEC since that their hydrodynamic 

volume is relatively similar to the defect-free dendrimers12,139.  

 

1.5. Physicochemical properties of dendrimers 
 

In the current section, some of the unique physicochemical properties of dendrimers and 

especially the ones that can be applied for cargo delivery to cells (e.g. drugs) will be explored. 

Moreover, since that the studies of the current thesis relied on the use of PAMAM dendrimers, we will 

give a more detailed perspective regarding this dendrimer family. Additionally, the PAMAM 

dendrimers are currently the most widely explored dendritic structures in the literature. The main 

reason behind this is that they were the first dendrimers to become commercially available at high 

generations (until 11th), and their synthesis is relatively simple and inexpensive. Although with some 

limitations, the PAMAM dendrimers exhibit exceptional physicochemical properties that are specific 

to this dendrimer family, and that can be exploited for several applications, including in the biomedical 

field2,12,13,147. 

Before describing the specific physicochemical properties of dendrimers it is important to 

understand in the first place this new era of nanoscale pharmaceuticals and clarify the position of the 

dendrimers in this new “nanoperiodic” paradigm.  

 

A) Dendrimers in nanomedicine and the new “nanoperiodic” paradigm 

 

The primordial pharmaceutical era relied on the exploitation of the physical and chemical 

properties of basic elements or sub-nanoscale molecules. Mainly, the successful design of biologically 

active drugs depended on the manipulation of parameters specifically associated with this class of 

elements or molecules. Such parameters were widely described as “critical atomic/molecular design 

parameters” (CADPS/CMDPs) and were mainly used to define the ideal molecular compositions and 

architectures for an improved interaction with the biological systems. 

With the recent developments in the preparation and characterization of nano-sized materials, 

highly complex nanostructures with unique physicochemical properties started to emerge in which 

have led to the identification of new critical hierarchical design parameters (CHDPs). This new set of 

parameters started to be described as “critical nanoscale design parameters” (CNDPs) and relied not 

only on the composition and architecture but also on other physicochemical properties as flexibility, 

surface chemistry, shape or size (see Figure 60). The introduction of these new CNDPs provided 

important insights for the manipulation of such parameters with the intention of preparing bioactive 

nanostructures58,148.  
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Figure 60 – The critical design parameters associated with the preparation of new bioactive 
compounds at each specific scale. The controlled synthesis of nanostructures (like dendrimers) have 
required the manipulation of parameters such as size, shape, surface chemistry or molecular 
flexibility (Figure adapted from Ref. 58). 

 

The appearance of unique physicochemical properties associated with these novel nanoscale 

materials resulted in the need to define a new nanoperiodic system in analogy to the well-known 

Mendeleev’s periodic table. The traditional periodic system has been largely used for the 

determination of powerful periodic patterns and predictive principles that were needed for design of 

the traditional pharmaceuticals. As a result, the introduction of a new nanoperiodic table could provide 

useful information for the structure-controlled synthesis of nanomaterials.  

Basically, the introduction of dendritic structures like the dendrimers, have contributed for a 

whole new level of structural control that could not be attained in the traditional molecular structures. 

Until then, such degree of structural control could only be observed in the biological systems where 

highly efficient mechanisms are capable of producing extremely complex nanoscale structures from 

picoscale building-blocks. Currently, a mimicry of such structural control can be achieved for a 

multitude of synthetic materials at the nanoscale (e.g. fullerenes, dendrimers, metal nanoparticles and 

many others)2,58.  

Furthermore, the ability to manipulate the CNDPs along with the creation of a nanoperiodic 

system could allow a better understanding of the physicochemical properties that rule the synthetic 

nanostructures, including the dendrimers. With the developments made in the last decade in that way, 
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the “nanoperiodic concept” started to involve, by allowing the preparation of highly complex 

nanostructures with well-defined size, shape, surface chemistry, composition or flexibility. The 

development of this concept will be fundamental for the application of dendrimers and other 

nanostructures in the biomedical field since that it will allow the prediction of the ideal functions and 

properties (i.e. toxicity or pharmacokinetics) that are required for this type of applications.  

With the introduction of different dendrimer preparation methods, we can see that the synthesis 

of such complex structures follows the universal CHDPs. Based on a hierarchical assembly of the 

individual building blocks (i.e. branch cell monomers) the preparation of highly complex multifunctional 

structures can be achieved58.  

 
Figure 61 – The nanoperiodic concept built from the application of hard/soft building blocks. More 
complex structures are formed based on the stoichiometric hierarchical assembly of the individual 
building blocks. Note that the nature of the building blocks that is ruled by distinct CNDPs, will define 
the ultimate physicochemical properties of the final structure (Figure adapted from Ref. 58).   

 

Based on the hierarchical assembly, the use of hard or soft building blocks that mimic elemental 

atomic units are applied to build a multitude of nanostructures. Referred as “superatoms” these 

individual hard/soft building blocks give rise to more complex structures that can be organized into 

distinct nanoelemental categories. As shown in the Figure 61, the dendrimers are built based on the 

stoichiometric assembly of soft building blocks resulting in nanostructures with unique 

physicochemical properties that are distinct from the other nanoelemental categories. As a result, the 
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building blocks applied during the nanomaterial preparation will define the physicochemical properties 

and consequently its possible applications2,58.  

 

B) PAMAM dendrimers: Size, Shape and Multifunctionality 

  

The nano-size and unique shape of dendrimers can be exploited for multiple applications, 

especially in the biomedical field15,48. For example, the nanosize of the dendrimers provides a way of 

passive targeting, leading to a reduced non-specific toxicity of conjugated drugs149.   

Additionally, the ability to prepare multifunctional dendrimers with distinct generations provides 

a larger set of dendrimer scaffolds that contain well-defined sizes, shapes and terminal groups. For 

example, it was recently reported that dendrimers presenting slight changes in their size exhibit 

selective organ affinity and distinct renal/liver clearance properties58,150.  

Furthermore, several works have shown that thanks to the dendrimer nanosize and shape, a 

unique pattern in terms of cellular uptake, transport and bioaccumulation can be observed in vitro and 

in vivo16,58,149.  

Due to the high-molecular weight and shape of some dendrimer families, they may be used to 

mimic biomolecules like proteins. Besides of these two similar properties, both, dendrimers and 

proteins also contain exposed terminal groups that provide additional functionality. For example, the 

G5 PAMAM dendrimer exhibits a similar size and shape to hemoglobin. Moreover, PAMAM 

dendrimers at other generations also exhibit similar shapes and sizes to other biomolecules as the 

cytochrome C or insulin (see Figure 62)4,16,147.   

Given the shape similarities between the PAMAM dendrimers and proteins, several approaches 

have been explored in order to produce dendrimer scaffolds that mimic several biological processes 

as the angiogenesis or the tooth regeneration of hydroxyapatite147. For example, recent works have 

shown that PAMAM dendrimers containing carboxylic acid terminals along with alendronate (ALN) 

shown improved capability for the in situ remineralization of the human tooth enamel thanks to the 

improved capability to absorb the hydroxyapatite crystals151. 

Although the dendrimers possess great morphological similarities with globular proteins, they 

also show some important differences. The proteins are quaternary structures formed through the 

folding of simpler linear proteins. Due to the nature of this folding (mainly of non-covalent nature), the 

proteins are usually sensitive to even slight changes in the medium (e.g. pH or temperature), which 

can lead to deep morphological changes (denaturation). On the other hand, the dendrimers are more 

robust structures being mainly formed through covalent bonding and with a mathematically defined 

size and number of terminal groups147.  
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Figure 62 – Size and shape relationship between the G3 (d), 4 (e) and 5 (f) ammonia core PAMAM 
dendrimer and the following biomolecules (a) insulin, (b) cytochrome c and (c) hemoglobin. As shown, 
the degree of packing increases with the dendrimer generation (Figure adapted from Ref. 147). 

 

Some dendrimer families can be tuned during their synthesis with variable cores or surface 

functionalities. As described in the section 1.3, the PAMAM dendrimers are an example of this 

situation where they can be prepared with distinct cores (e.g. ethylenediamine (EDA); cystamine core 

and many others) or terminal groups. Commonly, the full-generation PAMAM dendrimers are 

synthesized with primary amines (-NH2) or hydroxyl (-OH) terminal groups. On the other hand, the 

synthesis of the PAMAM dendrimers can be halted at half-generations resulting in scaffolds with 

carboxylic acid terminal units. However, many other surface functionalities can be introduced during 

the PAMAM synthesis and in which are commercially available. Some examples include: 

N-2-hydroxydodecyl, trimethoxysilyl, tris(hydroxymethyl)amidomethane or 

3-carbomethoxypyrrolidinone terminal groups (see Figure 63). 

The impressive multivalence of the commercially available PAMAM dendrimers provides unique 

physicochemical properties in terms of solubility and reactivity. For example, by preparing PAMAM 

dendrimers with distinct terminal groups it is possible to obtain structures with the desired surface 
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charge. The ability to play with the surface charge provides another way to selectrivelly control the 

cellular fate of the dendrimer scaffold.  

Moreover, the specific reactivity of the different terminal groups allow the conjugation with an 

almost unlimited number of other guest moieties including drugs, fluorescent dyes, nanoparticles, 

polymers or biomolecules (e.g. antibodies, DNA or RNA). 

 

 
Figure 63 – The surface functionalities (A) and the cores (B) that may be introduced during the 
preparation of PAMAM dendrimers and that are commercially available. Note that the cystamine is a 
biologically cleavable core which may have useful applications in the biomedical field.  

 

Another incredible set of possible applications may arise from the conjugation of PAMAM 

dendrimers with other chemical identities (e.g. gene/drug delivery, MRI contrast agents, many others). 

For example, the ability to change the surface nature (i.e. charge or polarity) by the covalent or 

non-covalent coupling with other molecules, provides a unique way to control the cytotoxic and 

hemolytic effect of some terminal groups.  

The conjugation between the primary amine groups of the PAMAM dendrimers with 

polyethylene glycol (PEG) or carbohydrate units is one of the ways to reduce the cytotoxic effect of 

this dendrimer scaffold. The conjugation of PEG with PAMAM dendrimers has become one of the 

most widely approaches for surface functionalization since that it provides improved water solubility, 

biocompatibility and the capability to tune the dendrimer biodistribution16,133,149,152,153. For example, 

Cai et al. explored the antimicrobial activity of G5 PAMAM dendrimers where about 43% of the amines 

were “protected” with PEG. The authors found that while the antimicrobial activity against gram-

negative bacteria was high (EC50 = 0.9 – 1.5 µg/mL), the toxicity to the eukaryotic cells was still low at 

the same concentration levels154.  



 66 Part 3. Results and Discussion Part 1. Introduction - Dendrimers: from synthesis to cellular internalization 

The terminal groups and shape of the PAMAM dendrimer scaffold can also be exploited for the 

passive or targeted delivery of drugs. As mentioned in the section 1.2, the shape can be tuned based 

not only on the generation but also by the preparation of PAMAM dendrimers with cores containing 

distinct natures (see Figure 63).  

In the case of active targeted delivery, the optimal terminal groups are selected for an efficient 

conjugation with drugs and targeting moieties (e.g. folic acid; octreotide; RGD containing peptides; 

riboflavin; transferrin; or endogenous growth factors). As we shall see later on, depending on the 

generation and nature of the end groups distinct uptake pathways may contribute for the cell 

internalization of the PAMAM dendrimers155,156.  

In the passive targeted delivery, the shape and nanosize of PAMAM dendrimers can be 

explored for a selective diffusion of dendrimer-drugs and enhanced retention in the tumor sites 

(enhanced permeation and retention effect, EPR*). Additionally, by playing with the dendrimer surface 

charge and functionality it is possible to design PAMAM dendrimers capable of avoiding the reticulum 

endothelial system (RES) resulting in a reduced macrophage uptake and improved delivery to the 

desired tissues, other than the immune system16,147–149,153,157.  

Thanks to the ability of the PAMAM-NH2 dendrimers to condensate the DNA† and act as 

buffering agents, they may be used as platforms for gene delivery. While the buffering capacity of the 

PAMAM dendrimers may facilitate the endosomal escape of the dendriplex (i.e. proton sponge effect), 

the condensation ability promotes the cell internalization of the genetic material and its protection from 

degrading conditions (e.g. pH or enzymes)158. Recently, Lee et al. have reported an enhanced gene 

transfection based on the use of PAMAM dendrimers containing a nuclear localization signal 

peptides159.  

Moreover, the conjugation of terminally distinct PAMAM dendrimers with fluorescent moieties 

(e.g. FITC, Py-5, dansyl chloride) or with radiodense magnetic nanoparticles can be exploited to 

understand the dendrimer cellular fate or be used as MRI contrasts agents 

respectively107,115,128,145,160,161.  

Table 3 exemplifies some of the bioactive agents/drugs already conjugated/loaded with the 

PAMAM dendrimers.   

Although the library of molecules that can be conjugated with PAMAM dendrimers is great, there 

are some limitations associated with the post-functionalization. As reported by Holl et al. the uniform 

post-functionalization of all dendrimers in a sample is very difficult to achieve (especially through the 

traditional approaches, see section 1.6). For example, the authors verified the calculation of a mean 

value was very far from the true functionalization degree. By functionalizing the G5 PAMAM 

*Profound differences between the normal and the tumor tissue allow the use of PAMAM dendrimers as passive 
targeting agents. The anomalous vasculature in the tumor site leads to an improved permeability of the 
endothelial lining due to the existence of gaps in the order of 600-800 nm. Moreover, the poor lymphatic drainage 
also leads to a prolonged accumulation of the dendrimers in the tumor sites.  
†The nature of the PAMAM-DNA interaction is mainly electrostatic.  
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dendrimers with several ligands, the authors observed that the obtained mean of 12.9 ligands per 

dendrimer was not the best estimation of the sample, since that 27 different species were found in 

the final product. Interestingly, the authors found that while some dendrimers were not conjugated 

with any ligand, others contained about 26 ligands. Consequently, they also found that the 

post-conjugation of additional ligands increased even more the heterogeneity of the dendrimer 

sample13,162.  

Besides of the surface multivalency, the interior of PAMAM dendrimers is characterized by the 

existence of void spaces that can be further explored for the encapsulation of a multitude of chemical 

moieties. Through this approach, it is possible to improve the solubility of hydrophobic drugs in 

physiological conditions. Also the non-covalent encapsulation of bioactive compounds, may provide 

a way for improved cell delivery by facilitating the cell internalization and protection the cargo from 

possible sources of degradation (e.g. enzymes). Furthermore, since that the shape of the PAMAM 

structure is dependent of the surrounding conditions (e.g. pH or temperature) the release of 

hydrophobic drugs can be controlled based on such parameters. Similarly, the introduction of PEG 

chains at the surface can also be applied for the controlled release of the dendrimer encapsulated 

drugs52,149,163.  

Likewise, the physical entrapment of high atomic density metal nanoparticles into the dendrimer 

scaffold have been explored as possible MRI contrast agents136,164. 

 

Table 3 – Summary table describing some of the bioactive agents/drugs already conjugated with the 
PAMAM dendrimers. An extensive list with more examples can be found in the references 52 and 
149. 

Application Bioactive agent/Drug Role of the dendrimer 
Gene delivery DNA/siRNA Complexation 

Antibody conjugates Antibody Binding 

Transdermal delivery Indomethacin Permeation enhancer 

Ocular delivery Pilocarpine & Tropicamide Vehicle 

Oral delivery Niclosamide Solubility enhancer 

Colon delivery 5-Aminosalicylic acid Carrier 

Topical Gels Nifedipine Solubility and permeation enhancer 

 

The conjugation/encapsulation of selective chemical moieties into the PAMAM dendrimer 

scaffold can also be useful for the preparation of electrochemical biosensors. Recently, a huge 

number of research groups have dedicated their work for the development of highly efficient 

electrodes containing PAMAM dendrimers for an improved detection of specific biomolecules (e.g. 

DNA or proteins)165–171. The development of such biosensors may provide another way for the early 

detection of diseases147. Recently, Kasovi et al. reported the preparation of an electrochemical 
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immunoassay system based on the covalent immobilization of PAMAM dendrimers containing gold 

nanoparticles. The authors have shown, that this system was ultrasensitive for the detection of the 

cancer biomarker α-fetoprotein. Additionally, the authors defended that the great conductivity of the 

PAMAM-Au nanocomposites along with their large surface area, provided the crucial elements for an 

improved electrochemical performance172.  

Finally, as referred in the previous paragraphs the dendrimers exhibit unique physicochemical 

properties as a function of their size/generation. The term collectively used to define this unusual 

property in the dendrimer structures is called “dendritic effect”. Usually, the dendritic effects are 

considered positive or negative depending if a specific property is enhanced or reduced along each 

generation. Some clear examples of such effects are the differences in the dendrimer shape, solubility 

or encapsulation ability along each generation (see Figure 64).  

 
Figure 64 – Relationship between the special physicochemical properties of dendrimers and their 
design considerations (Figure adapted from Ref. 2). 

 

The Figure 64 establishes a relationship between the CNDPs and the effects observed in the 

previous paragraphs. For example, the branch cell monomers that produce highly symmetric dendritic 

structures usually facilitate the endo-complexation of drugs. Moreover, the flexibility of the end groups 

affects the degree of functionalization with targeting molecules or drugs. Overall, the PAMAM 

dendrimers exhibit a generation dependent loading capability, cytotoxicity, cell internalization or 

biodistribution2,163.  

The PAMAM dendrimers and many others dendrimer families have been used beyond the 

biomedical field. Many of the dendritic effects have been exploited for other applications as 

environmental sensors, biofuel cells or catalysis173–175. For more information regarding further 
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applicability of PAMAM dendrimers in other areas we recommend the reading of the following 

references2,12,59. 

 

1.6. Methods of conjugation of chemical identities to the PAMAM dendrimer scaffold 
 

As already depicted in the previous section, the stable coupling of drugs, fluorescent dyes or 

any other chemical moieties into the dendrimer scaffold can be accomplished mainly in two ways: (a) 

non-covalent encapsulation or; (b) covalent/non-covalent surface functionalization. The non-covalent 

interactions are mainly of the type hydrophobic, dipole-dipole, electrostatic or van der Waals forces. 

The Figure 65 summarizes this set of possible interactions that can be exploited for the conjugation 

of chemical moieties into the PAMAM dendrimer scaffold25,163,176,177.  

 

 
Figure 65 – Interactions that may be exploited for the loading of drugs, fluorescent dyes or any 
molecule of interest in the PAMAM dendrimer scaffold (Figure adapted from Ref. 25).  

 

The introduction of a specific functionality to the dendrimer scaffold can be accomplished during 

(pre-functionalization) or after (post-functionalization) the dendrimer synthesis. In the 

pre-functionalization, only the chemical functionalities that exhibit acceptable stability and solubility 

can be employed during the synthetic process. On the other hand, on the post-functionalization 

approach, sensitive species that cannot be coupled during the synthetic conditions, may be introduced 

in a “convergent-type” strategy through a library of many different coupling chemistries. In either 

approach, depending on the way that the functionalities are organized at the dendrimer surface they 



 70 Part 3. Results and Discussion Part 1. Introduction - Dendrimers: from synthesis to cellular internalization 

can be classified as random, block or alternate. Note that, depending on the conjugation conditions, 

not only small molecules can be incorporated but also larger structures may be coupled (e.g. another 

dendron containing distinct functionalities)63,176,177.  

In the recent years, many different types of chemistries and novel functionalization techniques 

were described in the literature. Considering that the approaches used in the current thesis relied on 

post-functionalization chemistries (mainly “stochastic” and based on molar ratios), only this type of 

functionalization methods will be discussed below. For further information regarding other 

functionalization methods, we recommend the further reading of the following review article63.  

The “stochastic” conjugation/encapsulation of several functionalities to the dendrimer scaffold 

provides a cost-effective and “easy” way to prepare multipurpose architectures that can be used for 

several applications. However, in most of the cases the unequivocal synthesis and characterization 

of such structures prepared by stochastic methods may be difficult to achieve. Some of these 

limitations come from the difficulty to obtain an uniform distribution of the diverse functionalities along 

each dendrimer scaffold or due to the problematic purification of the final sample containing many 

by-products. Usually, such heterogeneity arises due to the molar excess of ligands in comparison to 

the dendrimer scaffold. As shown in Figure 66, this stochastic functionalization proceeds with a very 

limited control63. Moreover, when using this post-functionalization approach and given the degree of 

heterogeneity, the conclusions related to its biological applicability must be carefully made. For 

example, Baker et al. have shown that a uniformity in terms of functionality is essential to attain 

reproducible biological results178.  

 
Figure 66 – Schematic representation of the stochastic functionalization of dendrimers. The greater 
the number of couplings, the higher will be the sample heterogeneity (Figure adapted from Ref. 63). 

 

In contrast to the traditional post-functionalization methods, some novel methods provide a 

better control over the functionalization pattern within the dendrimer sample. Some examples include 

pre-functionalization approaches through the convergent assembly of dendrons containing distinct 

but well-defined functionalities or through the use of orthogonal chemistry pairs that promote a more 

selective post-functionalization (see Figure 67). Additionally, other post-functionalization approaches 
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include the controlled protection/deprotection steps allowing a selective modification of the terminal 

groups63.   

Although the novel approaches offer a better control in terms of functionalization, they usually 

require more complex and laborious techniques when compared with the traditional stochastic 

functionalization methods.  

 
Figure 67 – Several strategies for a controlled functionalization of the dendrimer scaffold (Figure 
adapted from Ref. 63). 

 
Independently of the functionalization approach, the covalent or non-covalent conjugation can 

be applied depending on the intended application and the nature of the dendrimer scaffold. 

The non-covalent interaction of chemical functionalities is usually accomplished taking into 

advantage the nature of the dendrimer and the ligand, along with the possible interactions that they 

may establish. This strategy is mainly used to improve the solubility of hydrophobic drugs or to 

promote the molecular condensation for the protection of the cargo (e.g. DNA).  

In the case of PAMAM dendrimers, the hydrophobic tertiary amines in the interior promotes the 

non-covalent inclusion of drugs, while that the hydrophilic surface improves the drug solubilization25.  

Moreover, since that PAMAM-NH2 dendrimers contain a positive net-charge under physiological 

conditions, the condensation of DNA can be accomplished. Mainly this condensation occurs based 

on the electrostatic interaction between the negatively charged phosphate groups of the DNA and the 

positively charge primary amines of the dendrimer. This type of functionalization can be exploited to 

build non-viral vectors for gene delivery179.  

Due to the nature of the non-covalent functionalization, the sucessful conjugation of molecules 

with the PAMAM dendrimer scaffold is strongly dependent on several factors, including the dendrimer 

generation size and concentration, nature of the branching units and terminal groups, pH, ionic 

strength or temperature25. In contrast with the traditional covalent methods, the controlled 

functionalization through the non-covalent conjugation may be even more difficult to achieve177.    

The covalent coupling of chemical identities onto the dendrimer surface or branching points has 

been widely reported in the literature. Besides of drugs and fluorescent dyes, other molecules have 



 72 Part 3. Results and Discussion Part 1. Introduction - Dendrimers: from synthesis to cellular internalization 

also been coupled through covalent conjugation including specific cell targetting ligands or 

radioligands. It is worth mentioning that the successful covalent conjugation depends essentially of 

two factors:  

(i) the steric crowding of the dendrimer surface groups; e.g. PAMAM dendrimers of higher 

generations (> G5) are more difficult to functionalize due to the limited accessibility of 

the terminal groups; moreover the size of the ligand to be coupled can also limit the 

degree of conjugation;  

(ii) type of the dendrimer surface functionality and ligand functionality should allow an 

easier coupling without the need of many reaction steps.  

 

The covalent conjugation methods have been widely applied in order to achieve an improved 

functionalization of ligand payload with the desired stability. For example, the covalent attachment of 

drugs with predefined cleavable linkers (e.g. amides, esters, etc.) has been exploited for the controlled 

release of drugs under disease-specific environmental conditions (e.g. enzymes, pH, light, etc.).  

The covalent coupling of molecules to the dendrimer scaffold can be accomplished: (a) directly; 

(b) through the use of spacers/cross-linkers that promote or improve the conjugation between the 

dendrimer terminal units and the molecules of interest. Moreover, some commercially available 

dendrimers are designed with internal groups that allow the covalent conjugation in the interior of the 

dendrimer176,177.  

Note that depending on the intended application, the necessary functionalization degree of the 

dendrimer scaffold may vary.  

For example, for the targeted delivery of PAMAM dendrimers functionalized with folic acid (FA), 

the interaction kinetics with the folic acid receptors (FAR) is related with the functionalization degree 

of the dendrimer scaffold. Nevertheless, recently Holl et al. reported the successful preparation of 

homogenous monovalent FA-G5PAMAM conjugates where the authors found that a unique 

interaction between the dendrimer conjugate and the FAR could be observed. These findings 

disapproved previous observations that claimed the need of high functionalization degrees of FA with 

PAMAM for an improved interaction146.  

Another example is related with the fluorescent labeling of the dendrimer scaffold. The extensive 

conjugation of the PAMAM dendrimers with an unnecessary number of fluorescent moieties may 

result on undesired modifications of the dendrimer surface nature or lead to fluorescence quenching 

due to the great proximity of functionalized terminal groups176,177. 

The functional units of the PAMAM dendrimers and the molecules to be coupled will define the 

different strategies that may be followed for the covalent conjugation. Some traditional examples 

include the formation of distinct types of bonds such as amide, ester, thiourea or ether. Some of the 

different conjugation chemistries involve: (i) reductive amidation; (ii) cross-linkers (e.g. Sulfo-NHS 

family; EDC; DCC) or (iii) epoxy activation176,177.  
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The use of biodegradable spacers is also another way to improve the conjugation of a drug with 

the dendrimer and ensure its effective release in the biological environment under specific conditions 

(e.g. action of enzymes). Moreover, in some cases the application of a spacer between the fluorescent 

dye and the dendrimer is recommended in order to reduce the possible energy transfer between both 

structures and minimize quenching effects180,181.  

The Figure 68 provides some insights regarding the versatility level of the PAMAM dendrimers 

terminal groups and the corresponding functionalization possibilities. 

 

 
Figure 68 – Possible surface modifications of the PAMAM-NH2 dendrimers terminal groups (Figure 
adapted from Ref. 182).  

  
As we shall see later on, different strategies were used in the current thesis in order to proceed 

with the functionalization between the PAMAM dendrimers, containing distinct terminal groups (-NH2; 

-COOH; -OH), and the fluorescent dye, FITC.  

 

1.7. The cell membrane interactions and internalization pathways of PAMAM dendrimers 
 

Firstly, in order to understand the interaction of the PAMAM dendrimers with the eukaryotic cells 

it is essential to have in mind the basic functional units that characterize this type of cells. As a result, 

in the next paragraphs we will give some insights regarding the membrane nature of the eukaryotic 

cells and the several mechanisms that may contribute for the cell internalization of the PAMAM 

dendrimers.  

The cell membranes are the basic structural and functional units of the cell that are essential 

for life. For example, the plasma membrane is responsible for defining the boundary between the 

internal (cytosol) and the external cell environments. Even inside the eukaryotic cells, several 
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organelles contain similar cell membranes that are important to separate and maintain the 

characteristic differences of each organelle from the cytosol. As shown in the Figure 69, all cell 

membranes are composed by a dynamic and fluid phospholipidic bilayer that along with other 

biomolecules (e.g. proteins) are fundamental to accomplish a multitude of specific functions. For 

example, some of the plasma membrane proteins are responsible for the transmission of vital signals 

from the extracellular medium into specific intracellular targets. On the other hand, a distinct set of 

functional proteins have the capability to specifically define ion gradients along the membranes and 

promote the movement of vital solutes between the two sides. All the components of the eukaryotic 

cell membranes all mainly held by a set of non-covalent interactions (e.g. hydrophobic, dipole-dipole). 

 

 

 
Figure 69 – Generic representation of the cell membrane (e.g. plasma membrane) composition: as 
shown, the external layer (upper), is composed by a fraction of proteins and phospholipids that contain 
covalently bound sugar chains (i.e. glycoproteins and glycolipids). Moreover, the phospholipidic 
bilayer also contains different types of lipids where the outer layer may exhibit microdomains (“rafts”) 
with clusters of specific lipid species (red) (Figure adapted from Ref. 183). 

 

Specifically, the plasma membrane is ~5-10 nm wide and is mainly responsible for acting as a 

selective barrier between the extracellular and the intracellular mediums. Note that the lipids that form 

the plasma membrane are amphipathic, exhibiting a hydrophilic “head” and a hydrophobic “tail” (see 

Figure 70). As a result, due to the nature of the membrane interactions and its hydrophobic “interior”, 

the plasma membrane has the capability to selectively block the passage of high molecular size 

water-soluble molecules. On the other hand, the proteins that cross the lipid bilayer mediate all the 

other cell membrane vital functions. Some of these functions include the transport of hydrophilic 

molecules across the membrane or the communication between neighboring cells. Due to the 
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functional diversity of these proteins, almost 30% of the eukaryotic genome encodes membrane 

proteins with a distinct set of roles183–185.  

 

 
Figure 70 – The nature the cell membranes lipid bilayer. Due to the amphiphilic nature of these lipids, 
they establish a set of non-covalent interactions where the hydrophilic groups stay exposed to the 
interior/exterior of the cell and the hydrophobic tails face each other. Since that, most of the membrane 
lipids contain a phosphate group (blue) and are built from a glycerol backbone (R) they are referred 
as phospholipids or more precisely as phosphoglycerides. Other major classes of lipids that also 
compose the cell membrane are mainly the sphingolipids and cholesterol. Although in low quantities, 
the cholesterol, for example, is important to keep the fluidity of the membrane at an optimal level 
(Figure adapted from Ref. 183). 

 

Due to thermodynamic factors and under normal conditions, the hydrophobic part of the lipid 

bilayer is never exposed to the extracellular medium that is usually in aqueous solution. For this 

reason, the cell membranes are known for its continuum and edge-free structures.  

Interestingly, different types of eukaryotic cells exhibit unique profiles in terms of their plasma 

membrane lipid composition (i.e. distinct tail chains or backbones). As a function of this lipid diversity, 

it is expected that they contribute for a distinct set of functional capabilities like the definition of the 

physical state of the membrane (e.g. fluidity, flexibility, stability) or the ability to provide specific 

precursors that regulate the cell function.  

The unique flexibility and fluidity of the cell membranes are two of the most important 

physicochemical properties of these cell structures.  

The fluidity given by its lipid composition at physiological conditions, is a perfect way to provide 

a balance between a rigid/ordered structure and a lower viscosity that is essential for the movement 

of cell cargo along the membrane. For example, the special fluidity of the membrane allows the 

movement and assembly of proteins at specific points of its structure in order to accomplish specific 

time-space actions (e.g. cell division). As a result, depending on the surrounding conditions (e.g. 
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temperature) the cells have the capability to change their membrane lipid composition in order to 

provide an optimal fluidity level while maintaining its structural organization. 

On the other hand, the natural flexibility of the cell membranes, allow them to change their 

overall shape during fundamental cell processes (e.g. locomotion, cell division or 

endocytosis/exocytosis) without compromising their structural function183–185. 

Due to the asymmetric distribution of different types of lipids along the plasma membrane, the 

composition of the inner and outer layers is usually distinct. Mainly, while the 

phosphoglycerides/sphingolipids that comprise the outer layer are the phosphatidylcholine (PC) and 

sphingomyelin, respectively, in the inner layer the phosphatidylethanolamine (PE) and 

phosphatidylserine (PS) are the dominant phosphoglycerides. Moreover, it is defended that such 

heterogeneous distribution of the lipids provide greater structural stability to the membrane and 

regulates the localization of proteins that are involved in several cellular processes including the 

endocytosis. Given the physiological pH conditions and the nature of the PS headgroups, the cytosolic 

“leaflet” for the plasma membrane is characterized by a negative charge183,186. 

For a better understanding, the Figure 71 summarizes the most common components of the 

plasma membrane and the main functionalities associated with them.  

 

 
Figure 71 – The plasma membrane components and their main functions. 

 

The aforementioned unique characteristics of the cell membranes will provide essential means 

for the flux of cargo into (influx) and out (efflux) of the cell. Given that all the cell contents are enclosed 

within the plasma membrane, the exchange of content and information must be done through this 

structure.  
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The transport of cargo through the membrane can occur in two ways depending on the energy 

requirement. Usually, molecules that have the capability to pass through the membrane without the 

need of energy are said to cross this barrier based on a passive diffusion. In a general way, the 

movement based on passive diffusion occurs from higher concentration regions to lower 

concentration ones.  

On the other hand, some molecules are not able to directly move through the plasma membrane 

and require an energy-coupled transport process where they move actively.  

Usually, the only molecules that have the capability to pass directly through the plasma 

membrane without energy requirement are small hydrophobic solutes that can move freely through 

the hydrophobic interior of this cell structure. Also, other small molecules like O2, CO2, or NO, have 

the capability to pass rapidly through the membrane since that they can slip between adjacent 

phosphoglycerides. On the other hand, big polar molecules show poor membrane permeability and 

require more specialized mechanisms to penetrate the plasma membrane. This semipermeable 

nature of the plasma membrane allows a better regulation of the influx/efflux of molecules.  

Life essential chemical identities as water, ions (e.g. Na+, K+, Cl-) or glucose can also transverse 

the membrane without the need of energy. Mainly, the chemical influx/efflux of these identities occurs 

through: (i) specific channels (e.g. aquaporins); (ii) unique ion gated channels or; (iii) facilitative 

transporters, respectively. In all of these cases, these channels or transporters are integral proteins 

organized along the plasma membrane. 

On the other hand, the trafficking of molecules with a lower plasma membrane permeability can 

occur based on a great diversity of energy dependent mechanisms. In these situations, the transport 

of molecules happens against the concentration gradient and requires the input of energy promoted 

by the hydrolysis of ATP (e.g. Na+/K+ ATPase) or through the flux of electrons. Nonetheless, these 

processes are usually associated with the translocation of small molecules through the plasma 

membrane.  

As a result, the trafficking of bigger cargo (e.g. proteins, cholesterol/LDL) between the 

interior/exterior of the cell happens by a complementary set of energy dependent processes called 

endocytosis/exocytosis183–186. 

Thanks to the fluid and flexible nature of the plasma membrane, in endocytosis, the material is 

internalized by the cell through the membrane invagination, in which the cargo is surrounded by the 

plasma membrane that then buds off into the cytosol to form a vesicle. Inversely, the exocytosis is 

the process in which the cell expels content through the intracellular formation of vesicles that will 

then fuse with the plasma membrane to deliver the cargo to the extracellular medium183,185,186. Since 

endocytosis and exocytosis are extremely dynamic and regulated processes, it has been predicted 

that the mammalian cells may be capable of internalizing or expelling up to five times their volume 

and membrane area187. These two processes are depicted in the Figure 72. 
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Figure 72 – Schematic representation of the two complementary ways for the cells to internalize (left) 
or expel (right) large molecules (Figure adapted from Ref. 188). 

 

With the recent advancements in the molecular biology, it is now known that distinct endocytic 

processes may contribute for the cargo internalization in the mammalian cells. Mainly, depending on: 

(i) the cargo to be internalized; (ii) the associated signals; (ii) the protein/lipid machinery involved and 

(iv) the fate of the materials; the cell internalization of cargo through endocytosis can be divided into 

two main groups: (a) phagocytosis (cell eating) and; (b) pinocytosis (cell drinking).  

While that phagocytosis is mainly accomplished by highly specialized cells (e.g. dendritic cells, 

neutrophils or macrophages), the pinocytosis happens in almost all eukaryotic cell types. Several 

variants of the pinocytosis may be observed. The most investigated are: (i) clathrin-mediated 

endocytosis (CME); (ii) caveolae-mediated endocytosis (CavME); (iii) macropinocytosis and; (iv) 

several clathrin/caveolae-independent endocytosis186,189–193.  

Nevertheless, some of the sub-pinocytic mechanisms are still highly debated due to the inherent 

difficulties to clearly understand the mechanisms that regulate these endocytic processes186,189–193. 

For example, very recently, Nichols et al. have reported that the predominant endocytic pathway in 

mammal cells relies on the formation of clathrin-coated vesicles, where at least 95% of the total protein 

influx occurs by this way. As a result, the authors concluded that the other clathrin-independent 

endocytic pathways do not have a significant contribution for the influx of cargo194.  

The major difficulties for the clear identification and analysis of the endocytic pathways comes 

from:  

(a) the lack of standardized markers and inhibitors that may help to elucidate the different 

mechanisms;  

(b) limited spatial resolution of the current imaging techniques;  
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(c) some methods involve the perturbation of the cell homeostasis, in which can influence the 

endocytic pathway per se, or;  

(d) the possible cross-talking between the distinct pinocytic pathways195.  

 

 
Figure 73 – The distinct endocytic pathways that contribute for the internalization of cargo into the 
mammalian cells. Mainly, the endocytosis route is highly dependent of the cargo size. While big 
particles are internalized through phagocytosis or macropinocytosis, smaller particles (< 100 nm) are 
usually endocytosed by the other pathways. In a classical point of view, most of the cargoes are 
delivered to early endosomes through vesicles or through tubular intermediates (CLIC) that will then 
experience further maturation. Some cargoes may first pass by intermediary compartments like the 
caveosomes or the glycosyl phosphatidylinositol-anchored protein early endosomal compartments 
(GEEC) (Figure adapted from Ref. 193).  

 

Most of the pinocytic pathways shown in the Figure 73 involve four common mechanisms: (i) 

specific interaction of the cargo at the cell surface (see Figure 74); (ii) structural change of the plasma 

membrane and pitching off; (iii) complete enclosure of the cargo into a vesicular/tubular structure and; 

(iv) targeted movement of the cargo into predefined subcellular organelles.  

Furthermore, during the secretory* or endocytic pathways the vesicles possessing the cargo are 

accompanied by sorting signals that will be fundamental for the recognition and sorting of the vesicular 

contents to the correct cell compartments. The sorting and regulatory mechanisms existent in the cell 

rely on a range of channels, adaptors, retrieval and coating proteins, including the, transient receptor 

potential-mucolipin (TRPML1)196, Rab GTPases and the soluble N-ethylmaleimide-sensitive factor 

accessory protein receptors (SNARE) that define the precise delivery of the internalized content to 

the intracellular compartments191. 

*Note, the secretory pathway specifically refers to a conjugated set of invents that happen inside the cell and 
that are responsible for the delivery of newly synthesized membrane proteins to their correct location.  
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Figure 74 – Nature of the interaction between the materials to be internalized and the components of 
the plasma membrane. The type of the interaction with the plasma membrane depends on several 
factors like size, shape, chemistry and net-charge of the molecule. Note: “Piggy back” endocytosis 
relates to the uptake of a molecule complexed with a carrier (e.g. protein) that promotes its 
internalization.  

 

Keeping with the scope of the current work, we will only give some insights regarding the most 

commonly discussed endocytic pathways (i.e. CME, CavME, macropinocytosis and phagocytosis) 

that may contribute for the cell internalization of nanomaterials, including the PAMAM dendrimers. 

For further reading regarding this topic, we recommend the following excellent reviews that discuss 

in detail the alternative endocytic pathways187,192,195,197–199. 

First of all it is worth mentioning that although all pinocytic pathways are common to almost all 

eukaryotic cell types some mechanisms are more frequent in one cell type than another. For example, 

CavME factors (~ 70%) are frequently present in vascular endothelial cells, while the CME factors are 

more commonly found in epithelial cells197,199.  

The clathrin-mediated endocytosis (CME) is the most widely studied and characterized 

internalization pathway of the pinocytic routes. It has also been described as the main internalization 

route in the eukaryotic cells for the uptake of nutrients or signaling molecules. Usually, 

macromolecules or particles presenting a size in the range of 120-200 nm are mainly internalized 

through CME. The way that the cargo is internalized through this pathway is either adsorptive or 

receptor-mediated. In the adsorptive CME, cationic cargo interacts non-covalently with the negatively 

charged plasma membrane. In contrast, in the receptor-mediated internalization, the cargo is taken 

by the cell through highly selective and specific membrane receptors (e.g. LDL, growth factors, insulin 

are all internalized based on receptor-mediated internalization).  

After the interaction of the cargo with the plasma membrane several mechanisms are triggered 

that will promote the migration of the clathrin coat protein complex. As a result, in the early stages of 

the CME an intricate protein machinery will be directed to the inner layer of the plasma membrane to 

promote the initial formation of the clathrin-coated pit. The formation of the pit is promoted through 
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the action of clathrin as the main structural unit but also with the help of other elements like the adaptor 

proteins (APs), modeling proteins and sorting adaptors.  

The clathrin is a triskelion protein with three heavy chains (~ 190 kDa) where each is associated 

with a single light chain (~ 25 kDa). While the heavy chains give the required structural support, the 

light chains (along with APs) are fundamental to regulate the assembly and disassembly of the clathrin 

pit. In later stages, the action of the APs will promote deformation of the internalization sites through 

the assembly of a curved polygonal web that will lead to the initial plasma membrane curvature 

(nucleation). The invagination of the membrane is then continuously promoted by the action of 

modeling proteins (e.g. FCHO, EPS15) that will then direct the migration of sorting adaptors. Usually, 

these sorting adaptors will work as specific recognition sites for many different kinds of cargoes and 

sorting signals that will define the fate of the cargo.  

In the final stage, the action of the GTPase dynamin will force the formation of a “neck” and the 

separation of the clathrin-coated structure from the plasma membrane. This complete separation 

results in the formation of the clathrin-coated vesicle (CCV). Once in the cytosol, the protein complex 

around the CCV will disassemble through the action of specific proteins (e.g. auxilin), where the 

resulting naked vesicle will experience further maturation (e.g. endosomes or lysosomes) until the 

cargo reaches the target186,187,195,197,199–201.  

The whole process of the CME vesicle formation is simplified in Figure 75. 

 

 
Figure 75 – Simplified representation regarding the formation of the clathrin-coated vesicle during 
CME (Figure adapted from Ref. 201). 

 

Most of the materials containing targeting agents (including dendrimers) are internalized 

through receptor-dependent CME. Moreover, for the non-targeted delivery, the internalization through 

CME is highly dependent of the material size, net-charge and surface chemistry. For example, Pei et 

al. explored the cell internalization of PEGylated PAMAM dendrimer-doxorubicin conjugates (size < 

50 nm) in SKOV-3 cells (ovarian cancer). The authors concluded that the main internalization pathway 

of these dendrimer conjugates in the SKOV-3 cells was through CME202.  

On the other hand, recently, Qi et al. studied internalization pathway of PEGylated PAMAM 

dendrimer polyplexes (i.e. with DNA, size > 200 nm) in HepG2 cells (liver cells). The authors observed 

that the main internalization pathway was through CavME203. It is important to note that the type of 
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endocytic internalization pathway is not only dependent on the size or targeting moieties, but also on 

the cell type being studied. As a result, it is important to mention that both research groups explored 

the internalization pathways between different cell types, and this factor must be considered when 

taking any conclusion187,197. 

The CavME is the most explored clathrin-independent endocytic internalization and it is reported 

to play an important role in the cell uptake of signaling molecules but also in the regulation of the lipid 

distribution along the plasma membrane. This pathway is more commonly observed in the endothelial 

cells but can also occur in smooth muscle cells, adipocytes or fibroblasts. In contrast, this endocytic 

pathway is mainly absent in neurons and leukocytes. It has also been reported that the CavME may 

be related with several diseases as cancer, diabetes or even bacterial/viral diseases (e.g. cholera 

toxin or Simian virus 40).   

Although some of the processes associated with the CavME are now clearer, there is still a hot 

debate regarding the function and intervention of some proteins and the cellular fate of the cargo. 

Despite that, it is known that the CavME is characterized by the formation of caveolae that contribute 

for the cell update of cargo. These caveolae (means little caves in Latin) are flask-shaped membrane 

structures with sizes ranging between 50 and 80 nm.  

It is known that the caveolae are mainly composed with distinct caveolin proteins (caveolins 1, 

2 and 3) and signaling molecules, in which vary with the cell type. The caveolins (~ 21kDa) are 

anchored proteins distributed along the plasma membrane through a hydrophobic amino acid 

sequence in the cytosol side. Along with the caveolins, the cavins are known to play an important role 

in the caveolae formation and cargo destiny, however the exact mechanisms of these processes are 

still unidentified. Moreover, besides of this intricate network of proteins it is known that the action of 

the GTPase dynamin promotes the invagination process especially in hydrophobic plasma membrane 

domains (i.e. higher content in cholesterol and glycosphingolipids, known as “lipid rafts”).  

Although still highly discussed, it is assumed that during CavME special caveolar endosomes 

(known as caveosomes, with neutral pH) may be formed. As a result, due to the nature of these 

caveosomes, it is defended that the internalization of drugs through this approach may be a way to 

avoid the harsh acidic conditions of the lysosomes. Nevertheless, some works defend that the 

lysosomal degradation in the CavME cannot be completely discarded due to possible cross-talk 

between the different endocytic pathways.  

Additionally, since that most of the caveolae contents are directed to the Golgi apparatus and 

endoplasmic reticulum it may provide a way for the delivery of bioactive agents to these cell 

compartments. Unfortunately, the mechanisms that may allow the targeted CavME delivery are still 

subject of studies. 

It is currently known that the small size of the cargo (nano range: 20-50 nm) along with the 

action of specific targeting ligands (e.g. folic acid, FA) may promote the cell internalization through 

the CavME pathway187,193–195,199. Recently, it has been described that the conjugation of FA with drug 



 83 Part 1. Introduction - Dendrimers: from synthesis to cellular internalization 

carriers (e.g. dendrimers) may promote its binding with folic acid receptors that are present in 

caveolae204. 

The Figure 76 represents, in a simple way the CavME and its relationship with other endocytic 

internalization pathways.  

 

 
Figure 76 – Simplified representation of the CavME (middle) and its relationship with other 
internalization pathways. Note that some endocytic pathways may occur in certain microdomains of 
the plasma membrane but do not require the presence of dynamin (right side). Moreover, all the cases 
represented in the scheme are related with receptor-dependent internalization – yellow cylinder 
(Figure adapted from Ref. 205).  

  

The macropinocytosis is a non-specific actin-dependent cell internalization process that 

involves the uptake of great quantities of the extracellular fluid through the formation of large vesicles 

with variable shapes. Multiple vesicle sizes have been linked to this internalization process ranging 

from 0.5 µm up to 1 µm. Given the size of the formed vesicles, the macropinocytosis was the first 

endocytic pathway to be identified in the eukaryotic cells. 

Contrarily to the aforementioned endocytic pathways, the internalization through 

macropinocytosis is not accomplished based either on the type of cargo or on the material interaction 
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with specific receptors. Consequently, the macropinocytosis is usually promoted through the 

activation of growth factor receptors (e.g. epidermal grow factors, EGF) or due to the presence of 

apoptotic cells, bacteria or viruses in the extracellular medium. It is known that the interaction of these 

agents with the plasma membrane induces the actin polymerization, ruffling and the formation of the 

macropinosome. Additionally, the actin polymerization is also conducted based on the action of other 

elements like the small family Rho GTPases that work along with specific phospholipids like the 

phosphoinositide 4,5-bisphosphate (PI(4,5)P2).  

It has also been found that the macropinosomes exhibit common proteins with other endocytic 

pathways (e.g. Rab5) in which further confirms the cross-talk between the distinct endocytic routes. 

Depending on the cell type, the nature of the membrane ruffles can be planar, circular cup-shaped or 

large extrusions. The collapse of these ruffles with the plasma membrane results in the formation of 

the macropinosomes containing the extracellular fluids and its contents. As a result of this collapse, 

the macropinosomes are larger than other endocytic vesicles and they do not exhibit the intricate 

protein coat. It is important to note that the macropinosome closure is usually aided by the action of 

the GTPase dynamin, however depending on the ruffle nature, the action of the dynamin may not be 

necessary.  

The formation of the macropinosomes happens in a random manner where not all the 

membrane protrusions effectively result in the formation of vesicles. Moreover, due to their nature, 

the macropinosomes are sensitive to the cytoplasmic pH where they usually fuse with the 

endosomal/lysosomal routes. Since that the ruffling is a random and continuous process that happens 

in almost all eukaryotic cell types, they typically contribute along with other endocytic pathways for 

the internalization of cargo in a non-specific manner187,195,197,199.  

For example, it has been found that PAMAM dendrimers (G2, G4 and G6) containing distinct 

functional end groups (neutral, cationic or lipidated) are mainly internalized by both CME and 

macropinocytosis in the HeLa cells206. Nevertheless, these studies are still inconclusive since that 

contradictory observations were reported for dendrimer containing distinct composition but with 

similar size. For example, other research groups have reported that the main cell internalization 

pathway of FITC-labelled gallic acid-triethylene glycol (GATG) dendrimers in the same cell type (HeLa 

cells) was through macropinocytosis where the other endocytic pathways did not played a significant 

role207. It is clear that the complexity and versatility of the endocytic pathways and the lack of 

standardized analytic approaches may strongly limit the acquisition of deeper conclusions186,197,208.  

The Figure 77 shows the plasma membrane protrusions that may lead to the formation of 

macropinosomes and the overall internalization process through macropinocytosis. 
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Figure 77 – Schematic representation of (a) the possible protrusions that may lead to the formation 
of macropinosomes; (b) the events that lead to the macropinosome formation through the collapse of 
the ruffles with the plasma membrane; (c) the formation of the macropinosome devoid of an intricate 
network of proteins (Figure adapted from Ref. 209).  

 

It is important to mention that the actin cytoskeleton plays a central role not only in the 

macropinocytosis but also is many other endocytic routes. The actin is a globular protein (~ 43 kDa) 

in which polymerizes through non-covalent interactions giving rise to highly flexible microfilaments. 

These microfilaments have a central role in many cellular processes including cell migration, cell 

division or endocytosis. Futhermore, it is now known that the application of drugs that interfere with 

the actin expression may deeply hamper the internalization of cargo through endocytosis186,197,208.  

The Figure 78 shows the great importance of the actin polymerization for the different endocytic 

pathways. For a more detailed analysis regarding the importance of actin polymerization during 

endocytosis, the reading of references 208 and 210 is highly recommended. 

The phagocytosis is an endocytic pathway that mainly occurs in specialized immune cells (i.e. 

macrophages, monocytes, neutrophils or dendritic cells). Nevertheless, it has also been observed to 

take place in other eukaryotic cell types including fibroblast (i.e. collagen phagocytosis), epithelial 

cells or cells responsible to generate inflammatory agents (e.g. basophils). The phagocytic pathway 

has been largely associated with the uptake of pathogens or dead cells, but it is also known to play 

an important role in the internalization of nutrients187,195,199. 

The phagocytic process may be triggered either through the interaction of plasma membrane 

receptors with exposed chemical moieties of a foreign body or by the receptor-mediated recognition 
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of specific soluble cell factors that “mark” the cargo. The process in which the cargo is marked by 

recognition factors is called opsonization and relies on the adsorption of small proteins (opsonins) 

over the surface of the material to be internalized. Some of these« opsonins include immunoglobulins 

of type G and M, complement factors or blood serum proteins like the fibronectin187,195,199.  

After opsonization specific plasma membrane receptors (e.g. Fc receptors) have the capability 

to recognize these “marked” bodies resulting in the activation of the phagocytic pathway. Note that 

the nature of the different opsonins and its interaction with the distinct membrane receptors will define 

the response of the cell and the fate of the cargo187,195,199.    

 
Figure 78 – The importance of the actin microfilaments (red) for the different cellular processes 
including the membrane reshape (i.e. membrane invagination and vesicle scission) during 
endocytosis (Figure adapted from Ref. 208). 

 

For example, as shown in Figure 78, the phagocytosis starts with a series of signaling events 

that promote the actin polymerization and the formation of several plasma membrane elongations. 

These cell membrane distortions allow the engulfment of the material by the phagocytic cell and 

results in the formation of an intracellular vesicle called phagosome.  
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Phagosomes presenting distinct sizes (0.5 – 10 µm) and shapes (spherical or elongated) have 

been reported, and are known to be associated with the same morphological properties of the 

internalized cargo. Taking into consideration that the phagocytosis requires relatively large volumes 

of plasma membrane, it is known that many other cell compartments also intervene in the phagocytic 

process. For example, after the phagosome formation, the maturation process takes place over a 

series of fusion/fission processes with endosomes (phagoendosomes) and lysosomes 

(phagolysosomes). The materials internalized by this route are usually sorted to the degradative 

cellular pathway given the harsh hydrolytic conditions of the phagolysosomes187,195,199.  

The phagocytosis is associated with the internalization of relatively large particles (> 500 nm) 

since that they are preferentially marked through opsonization. Nevertheless, it has been observed 

that much smaller particles (~ 100 nm) may also be internalized through this endocytic pathway211,212. 

The phagocytosis may strongly limit the desired targeted delivery of dendrimer-drug conjugates. It is 

known that depending on the surface stability (e.g. agglomeration) and net-charge (i.e. cationic 

particles favor the adsorption of opsonins), the phagocytic uptake by the macrophages can easily 

happen. Such phenomena usually results in the low targeted delivery of drugs and, their accumulation 

in the mononuclear phagocytic system (MPS) organs (e.g. liver or spleen - resulting in systemic 

toxicity effects)212–215.  

Besides of the aforementioned cell internalization pathways, many other endocytic routes have 

also been discovered in the last decade. Many of these new discoveries occurred thanks to the great 

developments associated with the imaging techniques (e.g. electron microscopy), proteomics and 

targeting moieties. Some of the knowledge associated with these novel endocytic routes are still 

preliminary, and their influence is still unknown for the cargo uptake. Some examples of the alternative 

endocytic routes are shown in the Figure 79.  

It is worth mentioning that all the endocytic processes require relatively high energy levels since 

that the formation of vesicles involves the overcoming of the plasma membrane resistance. Besides 

of the aforementioned proteins, other proteins complexes that exist in the cytosol are common to 

almost all the endocytic pathways and are responsible for facilitating the plasma membrane 

deformation. An example includes the superfamily of proteins that contain the BAR domains. It is 

known that these proteins are largely associated with several endocytic routes and are responsible 

for mediating the membrane deformation, curvature and enclosure during vesicle development195.  

As shown in Figure 79, the fate of the cargo may be variable as a function of the different 

endocytic routes. In the recent years, the preparation of dendrimers and other materials that 

specifically target some of these pathways have been explored. Unfortunately, the desired targeted 

drug delivery is still a great challenge to overcome191,206.  

It is clear that the study of the endocytic pathways provides a way to understand the 

mechanisms behind the cell internalization and allow the development of more efficient delivery 
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vehicles (e.g. genes, drugs, etc.) that present a maximized cellular internalization and a reduced 

cytotoxic effect191,206.  

The current pharmaceutical field relies mainly on the development of drugs that can diffuse 

through the plasma membrane and pervade the entire cell. However, such approach carries several 

limitations including drug sequestration in undesired cell compartments (lysosomes) or non-specific 

interactions with other organelles. In recent years, novel approaches have pursued the development 

of highly specific drugs that have the capability to escape certain cell compartments (see Figure 80) 

and achieve the desired cellular target191,216–218. It is clear now that the development of such systems 

is strongly dependent on the analysis of the interactions between the plasma membrane and the 

material in study. Moreover, with the ever increasing application of dendrimers to the biomedical field 

it becomes essential to understand their internalization pathways and cell compartment accumulation 

for the elucidation of possible toxicity effects195.  

 

 
Figure 79 – The possible endocytic mechanisms of eukaryotic cells (Figure adapted from Ref. 195). 

 

Currently, some methodologies may be used in vitro to explore the cellular internalization and 

trafficking of cargo. Usually, this analysis may involve two approaches:  
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(i) colocalization of the materials in study* with well-known tracking units or endocytic 

markers; 

(ii) exclusion of endocytic pathways through the use of chemical, biological or physical 

inhibitors before exposing the materials to the cells.  

 

With the recent developments, several advanced biological probes and chemical inhibitors have 

been developed aiding in the investigation of the cell internalization of cargo. 

  

 
Figure 80 – Schematic representation of the effects that may be exploited for endosomal escape of 
cargo. For example in osmolytic systems, highly cationic particles, like some dendrimers, may lead to 
an increased influx of protons and ions which results in a higher osmotic pressure. The increasing 
osmotic pressure will cause the vesicles to swell and rupture, allowing its cargo to escape to the 
cytosol (Figure adapted from Ref. 217).  

 

Also, it is worth mentioning that several imaging techniques may be used to explore the 

interaction between the materials and the biological interface. Some of these techniques include the 

direct observation by using high resolution fluorescence microscopy or by electron microscopy 

techniques (e.g. environmental SEM, TEM cryomicroscopy)219–223. 

Also, other techniques may be complementarily used to aid in the analysis of the cargo 

internalization by the cells. For example, flow cytometry may be employed for a quantitative analysis 

of the cell uptake and also to investigate the endocytic trafficking of cargo224,225. On the other hand, 

*The materials are usually fluorescently tagged to allow the live observation of the internalization process. 
However, such observations may be limited to the spatial resolution of the current microscopes. 
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AFM can be applied to study the degree and nature of the interactions between the materials and the 

biological membranes226–228. Some of the mentioned techniques allow the live investigation of the 

endocytic process without compromising the cell homeostasis.   

Besides of aforementioned analytic techniques, some of the complementary methodologies 

used to explore endocytosis of dendrimers, or other materials are briefly described in the Table 4. 

The investigation of endocytosis based on the application of chemical inhibitors is still the most 

widely followed method since that it provides a time and labor efficient approach. Moreover, the use 

of well-characterized pharmacological inhibitors can be easily quantified and titrated since that it 

affects the overall cell population in a similar way and its cytotoxic behavior can be predicted. Despite 

its advantages, the use of chemical inhibitors has led to hot debates in the scientific community due 

to the increasing reports that claim the lack of specificity and misleading results due to endocytic 

cross-talking197,212,218.  

 

Table 4 – The several techniques that may be used to explore the endocytosis of materials, including 
dendrimers. Due to the limitations of each approach, they are usually employed in conjugation for a 
more reliable identification of the cell internalization pathway. 

 
 

We recommend the further reading of the following works that describe in detail the advantages 

and disadvantages of current methods that are traditionally used to explore the endocytic 

pathways218,229.   

Additionally, some of the most commonly employed pharmacological or chemical inhibitors are 

described in Table 5.  
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Despite the great advancements of the analytical techniques that may be used to study the 

endocytosis pathways, the scientific community is still far from completely unveiling all the 

mechanisms and parameters associated with it.  

Moreover, given the great diversity of materials and cell type used to explore these trafficking 

pathways, it has become increasingly difficult to establish common factors between the different 

studies.  For example, even when the materials, like dendrimers, are functionalized with specific 

targeting agents, these material will still be internalized by other endocytic pathways at the same time. 

Besides that, many of the techniques shown in Tables 4 and 5 are mainly applied in vitro where in 

most of the cases the conclusions taken from such analysis overlook the in vivo conditions197,212,218.   

 

Table 5 – The most commonly used inhibitors for the distinct endocytic routes. The employed 
concentration of the inhibitors are not described since that they usually vary with the cell type (Data 
obtained from Ref. 229). 

 

 

Apart of the current limitations, it is now accepted that many distinct physicochemical 

parameters of the materials (i.e. size, shape, compressibility, surface chemistry, charge and topology) 

can be exploited to optimize the internalization through a specific endocytic pathway (see Figure 81). 

For example, several works have shown that the aspect-ratio of the materials can strongly 

influence the internalization behavior by different cell types. While some cells (e.g. macrophages) 
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preferentially uptake rod-like particles, other cell types (e.g. HeLa cells) exhibit an improved uptake 

of spherical particles. Although the mechanism that rules this process is still unknown, it is supported 

that this behavior is strongly dependent of the cell type and the contact angle formed between the 

material-biological interface (see Figure 82)212,217.   

Another example is the well-known formation of a protein-corona around the material surface. 

When in the biological fluids (e.g. blood) and depending on the material surface nature, a coating 

through the adsorption of specific proteins (e.g. serum albumin or fibrinogen) may be observed. 

Usually, this event results in altered cellular interactions leading to the reduction of the material 

functionality. In contrast, in some cases this protein adsorption may be desired for targeted cell 

delivery (e.g. opsonization for the delivery to the cells associated with the RES)213.  

  

 
Figure 81 – The parameters that may affect the endocytosis of dendrimers and other materials. 
(Figure adapted from Ref. 214). 

 

Additionally, some internalization pathways are favored based on a specific particle diameter 

interval. It has been shown that some materials exhibit an optimal internalization at a specific size 

range, where the uptake effectiveness decreases when the particle sizes fall beyond this range (see 

Figure 82). Moreover, it has been shown that such effect is strongly dependent on the cell type and 

material composition. Besides that, many in vivo events are strongly dependent on the particle size 

including circulation time or clearance. 

The surface functionalization also plays a fundamental role on the cell internalization of cargo. 

The existence of specific functional groups or an overall net-charge may result in distinct cell uptake 
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events when compared with the materials that do not present such modifications. For example, the 

functionalization of nanoparticles with polymer chains (like PEG) may be exploited to avoid the uptake 

by cells from the RES by decreasing protein adsorption and particle agglomeration. As a result, by 

playing with surface charge (e.g. cationic, anionic or neutral) it may result in personalized 

internalization patterns and variable cytotoxic effects, being always dependent of the cell type212.  

Several excellent works have debated in detail the effect of the material’s physicochemical 

properties over its cell internalization and as a result we recommend the further reading of the 

following reviews for a better understanding of this topic199,206,213–215,217,218,230. 

 

 
Figure 82 – The interactions at the material-biological interface. (A) The angle of the interaction may 
influence the cell uptake; (B) the optimal diameter that provides the ideal cooperative thermodynamic 
energy to overcome the resistance provided by the cell membrane (Figure adapted from Ref. 213).  

 
To conclude this section, we will discuss in the next paragraphs the influence of the PAMAM 

dendrimers physicochemical properties (e.g. in terms of size, shape, surface chemistry and charge) 

over the endocytosis of some eukaryotic cell types. Finally, we will then give some insights regarding 

the strategies that rely on the use of PAMAM dendrimers to achieve an improved internalization of 

cargo through endocytosis.  

As already mentioned in the previous sections, the higher generation PAMAM dendrimers 

exhibit a shape that resembles some proteins. As a result, given this mimicking ability of the PAMAM 

dendrimers, they may be exploited for the delivery of cargo by interacting with the cell machinery in a 

similar way that some biomolecules do.  

It is currently known that the cytotoxicity of the PAMAM dendrimers is strongly dependent of the 

generation and nature of the terminal groups. This generation-dependent cytotoxicity happens mainly 

for two reasons. First, at the same molar concentration, higher generation PAMAM dendrimers exhibit 

a greater number of end groups that results in a superior charge-density. Second, an increased 

contact area between the dendrimers and the cell membrane is observed at higher generations.   
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Also, as already referred in the previous sections, the amine-terminated PAMAM dendrimers 

show an improved cytotoxic effect when compared with other end groups (i.e. acetylated, 

carboxylated or hydroxylated terminal units).It has been postulated that this increased cytotoxic effect 

happens due to the positive net-charge of the amine-terminated PAMAM scaffold at physiological pH. 

Although the associated mechanism is not completely understood yet, it has been shown that such 

effect comes from the increased electrostatic interactions between the PAMAM primary amine 

terminal groups and the cell membrane. On the other hand, a lower cytotoxic effect is observed for 

the neutral or cationic PAMAM dendrimers due to the lower degree of interactions that are established 

between the dendrimer and the plasma membrane182,231a,b.  

It has been recently reported that the interaction of the PAMAM dendrimers with the plasma 

membrane is not only dependent of the surface groups but also on the nature of the core. For 

example, the properties of the core may define the thermodynamic stability of the PAMAM dendrimer 

in the plasma membrane interior231c,d.  

Additionally, simulations have shown that the interaction between the PAMAM dendrimers and 

the cell membrane is also dependent on the constitution of the lipid bilayer. For example, while the 

interaction of cationic PAMAM dendrimers with anionic lipids may result in the formation of liposomes, 

in the case of zwitterionic lipids, micelles are observed231c,e,f. Besides of these parameters, the 

aggregation state and generation of the PAMAM structure also defines the way that dendrimer 

interacts with the biological interface. The effect of these parameters is discussed in the next 

paragraphs231c. 

Holl et al. have investigated the possible interaction of higher generation PAMAM dendrimers 

with the cell membrane based on the use of lipid bilayer models along with live cell membrane studies 

(KB and Rat2 cells). According to their investigations on the lipid bilayer model, it was found that high 

generation PAMAM-NH2 dendrimers (>G5) may lead to the formation or expansion of nanoholes in 

the lipid bilayer. On the live cell studies, the authors also observed that the interaction between the 

plasma membrane and higher generation polycationic PAMAM dendrimers resulted in augmented 

membrane permeability while that polyanionic polymers did not induce any profound changes on the 

plasma membrane182,232.  

Many other works also explored the effect of PAMAM dendrimers containing distinct terminal 

groups on several cells lines (e.g. HeLa, Caco-2, B16F10, HepG2, hMSCs, V79) and based on the 

use of specific incubation times (i.e. minutes to days), molar concentrations and assay methods. 

Independently of the conditions, a general trend could be observed among all studies. In all cases 

the -NH2 terminated PAMAM dendrimers exhibited an increased cytotoxic effect when compared with 

other anionic or neutral structures. Another common behavior observed in several works is that these 

cytotoxic effects were dependent of the generation (charge density), nature of terminal groups and 

the cores, molar concentration and cell type16,206,231,233–236.     
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For example, Ghandehari et al. reported that the end group acetylation of the PAMAM-NH2 

dendrimers reduces the cytotoxicity of the dendrimer scaffold in 10 fold while maintaining its 

membrane permeability on Caco-2 cell monolayers. The authors explained that this behavior could 

be observed thanks to the reversible modulation of the cell tight junctions upon the cell exposure to 

the acetylated PAMAM dendrimers133.    

Moreover, it was also found that PAMAM dendrimers exhibiting distinct generations interact 

differently with the lipid bilayer membrane models. For example, while low generation cationic 

PAMAM dendrimers interact electrostatically with the plasma membrane without compromising its 

integrity, higher generation cationic PAMAM dendrimers present a higher degree of electrostatic 

interactions in which induces the formation of nanoholes and leads to cell death16,237. 

Other studies have also shown that the PAMAM dendrimers with distinct functional groups 

exhibit different permeability levels across Caco-2 cell monolayers16. For example, regarding the 

permeability across the Caco-2 cell monolayers, Ghandehari et al. found the anionic PAMAM 

dendrimers (-COOH) exhibited greater permeability than the cationic (-NH2) and neutral (-OH) 

PAMAM scaffolds. As a result, the authors defended that the low cytotoxicity of the PAMAM-COOH 

dendrimers along with its capability to reversibly modulate the tight junctions may be explored as oral 

drug delivery carriers234. It is currently known that this increased permeability of the PAMAM 

dendrimers across the endothelial cell layers occurs mainly through transcellular or paracellular 

routes149.  

Nevertheless, the tight junction modulation effect of some PAMAM dendrimer terminal groups 

is still controversial where the associated mechanisms are not yet completely elucidated. Very 

recently, Swaan et al. reported that while half-generation PAMAM dendrimers (-COOH) exhibited little 

modulating ability, the PAMAM-NH2 dendrimers were able to effectively change the behavior of the 

tight junctions through its effect on the calcium signaling processes and nonspecific membrane 

interactions. The authors defended that such contradictory results come from the fact that many works 

have overlooked the possibility of the half-generation PAMAM dendrimers to pass through endocytic 

pathways rather than the previously reported paracellular routes238.  

It is worth mentioning that due to the inherent limitations of PAMAM dendrimers in clinical 

applications (e.g. relative toxicity and poor degradability) other approaches have emerged involving 

the use of less cytotoxic and biodegradable dendrimers, like the biodegradable polyester dendrimers* 

(e.g. based on the 2,2-bis(hydroxymethyl) propionic acid)182.  

For example, very recently, Byrne et al. presented a systematic study regarding the cytotoxic 

effect of the G4, 5 and 6 amine-terminated PAMAM dendrimers. The authors found that the 

mechanisms underlying the cytotoxic effect of these PAMAM dendrimers are based on two stages. In 

*The reduced cytotoxicity of the hydroxyl-terminated polyester dendrimers is associated with the minimized 
nonspecific cell interactions. 

                                                



 96 Part 3. Results and Discussion Part 1. Introduction - Dendrimers: from synthesis to cellular internalization 

the early-stages, the PAMAM dendrimers enter by endocytosis or through the generated plasma 

membrane nanoholes resulting in endosomal entrapment. During this phase, the authors observed a 

reversible oxidative stress in which was the result of the reactive oxygen species generated by 

the -NH2 dendrimer surface groups. It was verified that this initial oxidative stress could be effectively 

hampered by intracellular mechanisms. In the second-stage, it was found that the PAMAM dendrimers 

could effectively escape the endosomal compartments (through osmolytic process) and interact 

directly with other cell organelles. In HaCaT cells, the authors verified that after 16 hours, the 

dendrimers could be located in the mitochondria in which resulted in an increased non-reversible 

oxidative stress and in the activation of distinct cell-death pathways239.     

Nevertheless, thanks to the novel functionalization approaches, new advancements have been 

made for the design of PAMAM dendrimer drug carriers with reduced cytotoxic effects. For example, 

recent approaches include the functionalization/protection with biodegradable or biocompatible units 

that improve the cell internalization and minimize the cytotoxic effect (e.g. PAMAM dendrimers 

containing PEG240, oxyethylene241 or arginine/lysine terminal units242). 

In the recent years, several works have explored the endocytosis internalization pathways of 

PAMAM dendrimers based on the effect of distinct terminal groups and over diverse eukaryotic cell 

types. Despite the growing amount of works regarding this topic, the mechanism by which the PAMAM 

dendrimers are internalized is still a question of great debate. Besides that, due to the nonspecific 

uptake (adsorption) of the PAMAM dendrimers (mainly with –NH2 end groups), it is very difficult to 

define a single internalization pathway since that other fluid-phase uptake mechanisms (e.g. 

macropinocytosis) may also contribute for the concomitant internalization. For example, it was 

recently found that the G7 PAMAM-NH2 dendrimers were still internalized under energy-dependent 

internalization blocking conditions. Even at 4 ºC, the internalization of G7 PAMAM-NH2 dendrimers 

was still observed, confirming the formation of the nanoholes and an increased plasma membrane 

permeability182.  

According to the data shown in the Table 6, the certain identification of the PAMAM dendrimer 

endocytosis pathway is far from being unanimous. We defend that a more rigorous study taking into 

consideration several parameters (e.g. terminal groups, generations and cell types), should be 

accomplished in order to shed some light over this highly controversial topic.  

It is now clear that future studies should take into attention the in vivo conditions and have in 

mind that several endocytic pathways may surely contribute for the internalization of the PAMAM 

dendrimers, independently of the cell type. Finally, we also defend that the development of more 

reliable and standardized analytical methods will provide valuable tools for the acquisition of more 

consistent results. 
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Table 6 – Summary table with the reported endocytosis internalization pathways based on PAMAM 
dendrimer with distinct terminal units/complexes and several eukaryotic cell types.  

Type of Terminal group Generation Nb. End 
groups Cell Type(s) Reported Endocytosis 

pathways Ref. 

-NH
2
 

2 16 

HeLa CME and macropinocytosis 182 

Caco-2 CME 182 
B16F10 Cholesterol-dependent 243 

4 64 

Caco-2  Cholesterol-dependent 182 

HeLa CME and macropinocytosis 182 
A549 Non-CME and non-CavME 235 

B16F10 Cholesterol-dependent 243 

6 256 HeLa CME and macropinocytosis 182 

7 512 KB, Rat2, C6 Membrane nanoholes 182 

-OH 4 64 A549 Non-CME and non-CavME 235 

-COOH 3.5 64 
A549 CavME 235 

Caco-2 CME, CavME and other 
dynamin dependent  

244 

-NH
2
/Propanolol 3 30/2 HT-29 CavME and macropinocytosis 245 

-NH
2
/Lauroyl 3 30/2 HT-29 CME, CavME and 

macropinocytosis 
245 

-NH
2
/Lauroyl/Propanolol 3 28/2/2 HT-29 CME and CavME 245 

-NH
2
/PEG-lactoferrin/pDNA 3 125.6/2.4/- Brain capillary 

endothelial cells 
CME, CavME and 
macropinocytosis 

246 

-NH
2
/PEG/DOX 4 30/20/14 SKOV-3 CME 120 

-NH
2
/Polyrotaxane of PEG and  
α-cyclodextrin/pDNA 

1 - HEK293A CavME 247 

-NH
2
/FITC 4 58/6 Human 

myometrial cells CME 248 

-NH
2 
 siRNA polyplex 

5 128 PC-3 Mainly macropinocytosis but 
also CME and CavME 

249 

7 512 

T98G 
glioblastoma CavME 

250 
J774 

macrophages CME and CavME 

-NH
2
/oxyethylene units/FITC 3,4, and 5 30/33/1 HeLa CME and CavME 241 

-NH
2
/Alexa Fluor 488 pDNA 

complex 
5 and 7 - 

Cos-7, 
HEK293A, C6, 
HeLa, KB and 

HepG2 

Non-CavME 251 

-NH
2
/chondroitin sulfate pDNA 

complex 
5 - B16-F10 CME, CavME and other energy 

dependent pathways 
252 

-NH
2
/FITC/PEG-PLGA pDNA 

complexes 
2 - HEK293A CME and CavME 253 
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-NH
2
/FITC/hyaluronic acid with 

entrapped DOX or siRNA 
complex 

5 - NCI/ADR-RES CME 254 

 

1.8. Objectives of the work 
 
 In this thesis, the synthesis of the FITC-PAMAM dendrimer conjugates is explored for in vitro 

cell studies. For this purpose, the conjugation efficiency of the FITC fluorescent dye with the PAMAM 

dendrimers is investigated taking into consideration the wide number of reported works that have 

used this system for the endocytosis investigation of the PAMAM dendrimer scaffold.  

 Given the great diversity of FITC-PAMAM functionalization methods already described in the 

literature, this work intends to provide new data regarding the applicability of some of the reported 

conjugation chemistries. With this goal in mind, we expect to investigate the stochastic conjugation 

based on distinct PAMAM:FITC molar ratios and based on the use of discrete PAMAM dendrimer 

generations and terminal groups (see Figure 83).  

 

 
Figure 83 – Representation of the distinct FITC-PAMAM conjugates that are intended to be 
investigated and explored in the current thesis. 

 

In order to investigate the conjugation efficiency of FITC with the PAMAM dendrimers, the aim 

of this thesis is to characterize all the products by distinct analytical techniques (i.e. 1H NMR, UV/Vis, 

FTIR). Additionally, the study of other physicochemical properties of the FITC-PAMAM conjugation 

products is also expected including, surface charge measurements and assessment of fluorescent 

intensity at distinct concentrations and pH conditions.  
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Furthermore, we intend to verify the applicability of FITC-PAMAM conjugates for cell studies 

through a preliminary analysis of the in vitro cytotoxicity (resazurin assay) on the mouse embryonic 

fibroblast cell line NIH 3T3.  

The Figure 84 gives a more detailed information regarding the main objectives of the current 

thesis.  

    

 
Figure 84 –The main objectives of the current thesis.  
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2. Materials and methods 
 

In this section, we report the adopted procedures for the surface functionalization of PAMAM 

dendrimers with the FITC fluorescent probe. As such, herein we describe the reaction conditions and 

purification methods that we found to be the most suitable for the acquisition of the best yields and 

conjugation efficiencies. The characterization methods used for the analysis of the conjugation 

products are also described in detail.  

At the end of this section, the parameters used in the studies of the cell cytotoxicity and effect 

of pH on the fluorescence of the FITC-PAMAM conjugates are also presented. 

 

2.1. Synthesis of FITC-PAMAM conjugates 
 

2.1.1. Materials 

 

The Fluorescein isothiocyanate (FITC, Isomer I, ≥ 90%), N-(3-Dimethylaminopropyl)-N’-ethyl-

carbodiimide hydrochloride (EDC, purum > 98%) and the phosphate buffered saline (PBS) were from 

Sigma-Aldrich. The N-dimethylamino pyridine (DMAP, 99%) was from Acros Organics. The EDA-core 

PAMAM dendrimers, in methanol, with 100% -NH2, -OH and –COONa end groups, respectively, were 

from Dendritech ® (Midland, MI, USA). The dimethyl sulfoxide (DMSO, analytical grade) was from 

Fisher Scientific. The Methanol (AnalaR Normapur, Reagent Ph. Eur.) and Chloroform (AnalaR 

Normapur, Reagent Ph. Eur., stabilized with about 0.6% of ethanol) were from VWR. The absolute 

Ethanol (Pro Analysis, 99.5 %) was from Panreac. The dialysis membranes were from SpectrumLabs 

(Spectra/Por ® 7 Dialysis Membrane with MWCO cut-off of 1000 D (flat width: 38 mm)). The PD-10 

desalting columns (Sephadex G25M) were from GE Healthcare. The ultra-pure (UP) water used in all 

experiments was obtained through the Millipore Milli-Q purification system with a resistivity higher 

than 18.2 MΩ.cm (at 25 ºC). The TLC plates (Silica Gel 60) were from Merck.  

 

2.1.2. Preparation and purification of FITC-PAMAM-NH2 conjugates 

 

For the preparation of the FITC-PAMAM-NH2 conjugates, the G3 and G5 EDA-core PAMAM 

dendrimers with 100% -NH2 surface groups were used.  

Although several attempts were accomplished for the preparation and purification of these 

conjugates based on distinct molar ratios PAMAM:FITC (1:5; 1:12; 1:14; 1:17; 1:20), reaction 

conditions (i.e. such as conjugation time, solvents, pH) and purification techniques (i.e. dialysis and 

PD-10 desalting columns), herein we only report the optimized procedures that produced a quantity 

of product that was enough for their characterization and biological study. The preparation and 

purification conditions were adapted from previous published works128,248,255–257. 
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The conditions used for the preparation of the FITC-G3PAMAM-NH2 conjugate are 

schematically shown in Figure 85 (1:14 PAMAM:FITC ratio). Briefly, the G3 PAMAM-NH2 dendrimer 

(300 mg, 43.4 μmol) in methanol was dispersed in 25 mL of PBS solution (0.1 M, pH 9.1). Then, the 

conjugation was started by dropwise addition of the FITC solution (91 mg, 233.7 μmol in 18 mL of 

DMSO). The reaction was allowed to proceed for 18 hours with stirring under dark conditions and at 

room temperature. No precipitation was observed during this reaction. After that time, the orange 

solution was extensively dialyzed against distilled and UP water for 3 days. The dialyzed solution was 

then lyophilized yielding ca. 129 mg of an orange solid. The efficiency of the dialysis was followed 

through TLC using methanol:chloroform (1:1) as mobile phase. Despite the fact that the 

characterization indicated a successful conjugation, we were unable to purify the final product 

completely, even when using the PD-10 desalting columns. The spot related with the free FITC was 

always detected in the TLC (see Annexes – Section B). Given the complexity of the conjugate spectra, 

only the most important peaks from the 1H NMR, FTIR and UV/Vis characterization are reported in 

the Table 7. 

 

Table 7 – Summary table containing the key data associated with the characterization of the 
FITC-G3PAMAM-NH2 conjugate. 

Technique Main peaks 

1H NMR* 
δ (ppm) = 2.37-3.39 (m, overlapping, protons of the –CH2- groups of the dendrimer), 3.71 (b, 

aliphatic proton from CH2NHC=S); 6.50-7.54 (b, aromatic protons of FITC). 

UV/Vis λmax of FITC-G3PAMAM-NH2 conjugate = 502 nm. 

FTIR** ATR (ν, cm-1): 3252 (w, b, -NH2 PAMAM); 1100 (w, b, thiourea bond from FITC-PAMAM). 

Zeta potential ξ (mV) = 12.73 ± 0.29 (in PBS, pH = 7.4). 

* The 1H NMR data is expressed as follows: chemical shift, peak nature and multiplicity (m, multiplet; b, broad); 

** The FTIR data is expressed as follows: wavenumber (cm-1) and peak nature (w, weak; b, broad); 

 

 
Figure 85 – Conjugation conditions for the preparation of the FITC-G3PAMAM-NH2 conjugate (1:14 
PAMAM:FITC molar ratio). 
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The conditions used for the preparation of the FITC-G5PAMAM-NH2 conjugate are 

schematically shown in the Figure 86 (1:17 PAMAM:FITC molar ratio).  

The G5PAMAM-NH2 dendrimer (252 mg, 8.74 μmol) in methanol was dispersed in 25 mL of 

PBS (0.1 M, pH 9.1). Then, the conjugation was started by the dropwise addition of the FITC solution 

(55 mg, 152 μmol in 12 mL of DMSO). The reaction was allowed to proceed for 18 hours with stirring 

under dark conditions and at room temperature. After that time, the orange solution was extensively 

dialyzed against UP water for 3 days. The dialyzed solution was then lyophilized yielding ca. 300 mg 

of an orange solid. The efficiency of the dialysis was followed through TLC using methanol:chloroform 

(1:1) as mobile phase. As referred before for G3PAMAM-NH2, despite the fact that the 

characterization indicated a successful conjugation, we were unable to completely purify the final 

product from the unconjugated FITC fluorescent dye even when using the PD-10 desalting columns 

(Sephadex G25M). The spot related with the free FITC was always detected in the TLC (see Annexes 

– Section B). Given the complexity of the conjugate spectra only the most important peaks from the 
1H NMR, FTIR and UV/Vis characterization are reported in the Table 8. 

 

Table 8 - Summary table containing the key data associated with the characterization of the 
FITC-G5PAMAM-NH2 conjugate. 

Technique Main peaks 

1H NMR* 
δ (400 MHz, D2O, ppm) = 2.38-3.39 (m, overlapping, protons of the –CH2- groups of the 

dendrimer), 3.71 (b, aliphatic proton from CH2NHC=S); 6.52-7.54 (b, aromatic protons of FITC). 

UV/Vis λmax of FITC G5PAMAM-NH2 conjugate = 503 nm. 

FTIR** ATR (ν, cm-1): 3252 (w, b, -NH2 PAMAM); 1100 (w, b, thiourea bond from FITC-PAMAM). 

Zeta potential ξ (mV) = 18.83 ± 1.45 (in PBS, pH = 7.4). 

* The 1H NMR data is expressed as follows: chemical shift, peak nature and multiplicity (m, multiplet; b, broad); 

** The FTIR data is expressed as follows: wavenumber and peak nature (w, weak; b, broad); 

 

 
Figure 86 - Conjugation conditions for the preparation of the FITC-G5PAMAM-NH2 conjugate (1:17 
PAMAM:FITC molar ratio). 
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2.1.3. Preparation and purification of FITC-PAMAM-OH conjugates 

 

G3 and G5 EDA-core PAMAM dendrimers with 100% -OH surface groups were used for the 

conjugation with the FITC fluorescent dye. Similarly to the –NH2 conjugates, several reaction 

parameters were tuned in order to obtain the FITC-PAMAM-OH reaction products in enough 

quantities for their characterization and biological analysis. Given that some of the employed 

purification methods resulted in the loss of great quantities of product only the methods that provided 

a balance between the efficiency and yield were applied. All the preparation and purification steps 

reported below are adapted procedures from previous reported works128,235,257. 

As a result, the reaction conditions followed for the preparation of the FITC-G3PAMAM-OH 

conjugate are schematically shown in Figure 87 (1:8 PAMAM:FITC molar ratio). To the FITC solution 

(60 mg in 12 mL of DMSO, 154 μmol), the EDC (90 mg, 469 μmol) and catalytic amounts of DMAP 

(i.e. 10 % mol in relation to the limiting reagent) were added. This mixture was stirred for about 20 

minutes. After that time, the G3PAMAM-OH (130 mg, 19 μmol) was added to the previous mixture 

and the materials were left to react for 48 hours, with stirring, under dark conditions and at room 

temperature. After conjugation, the dark orange solution was extensively dialyzed against UP water 

for 3 days. This orange solution was then lyophilized yielding ca. 147 mg of an orange solid. The 

purification through dialysis was followed by TLC using methanol:chloroform (1:1) as mobile phase. 

Although the characterization data indicated a successful conjugation, we were unable to completely 

purify the final product from the unconjugated FITC fluorescent dye under the conditions available in 

the current work. Given the complexity of the product spectra only the most important peaks from the 
1H NMR, FTIR and UV/Vis characterization are reported in the Table 9. 

 

Table 9 - Summary table containing the key data associated with the characterization of the 
FITC-G3PAMAM-OH conjugate. 

Technique Main peaks 

1H NMR* 
δ (400 MHz, D2O, ppm) = 2.43-3.64 (m, overlapping, protons of the –CH2- groups of the 

dendrimer); 4.08 (b, aliphatic protons from RCOO-CH2-); 6.58-7.10 (b, aromatic protons of FITC); 

7.97 – 7.99 (b, d, NH of dendrimer interior). 

UV/Vis λmax of FITC-G3PAMAM-OH conjugate = 500 nm. 

FTIR** 
ATR (ν, cm-1): 3264-2825 (w, b, -OH surface groups and interior –NH of PAMAM); 1324-1200 

(w, b, ester bond from FITC-PAMAM). 

Zeta potential ξ (mV) = -6.10 ± 0.48 (in PBS, pH = 7.4). 

* The 1H NMR data is expressed as follows: chemical shift, peak nature and multiplicity (m, multiplet; b, broad); 

** The FTIR data is expressed as follows: wavenumber and peak nature (w, weak; b, broad); 
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Figure 87 - Conjugation conditions for the preparation of the FITC-G3PAMAM-OH conjugate (1:8 
PAMAM:FITC molar ratio). 

 

The reaction conditions applied for the synthesis of FITC-G5PAMAM-OH conjugate are 

schematically shown in Figure 88 (1:11 PAMAM:FITC molar ratio). Briefly, to the FITC solution (51 mg 

in 15 mL of DMSO, 130 μmol), the EDC (65 mg, 340 μmol) and catalytic amounts of DMAP (i.e. 10 

% mol in relation to the limiting reagent) were added. This mixture was stirred for about 20 minutes. 

After that time, the G5PAMAM-OH (333 mg, 11.5 μmol) was added to the previous mixture and the 

materials were left to react for 48 hours, with stirring, under dark conditions and at room temperature. 

After the conjugation, the dark orange solution was extensively dialyzed against distilled water for 3 

days. The dialyzed sample was then lyophilized yielding ca. 300 mg of an orange solid. The 

purification through dialysis was followed by TLC using methanol:chloroform (1:1) as mobile phase. 

As before, although the characterization data indicated a successful conjugation, we were unable to 

completely purify the final product from the unconjugated FITC fluorescent dye under the conditions 

available in the current work. Given the complexity of the product spectra only the most important 

peaks from the 1H NMR, FTIR and UV/Vis characterization are reported in the Table 10. 

 

Table 10 - Summary table containing the key data associated with the characterization of the 
FITC-G5PAMAM-OH conjugate. 

Technique Main peaks 

1H NMR* 
δ (400 MHz, D2O, ppm) = 2.43-3.64 (m, overlapping, protons of the –CH2- groups of the dendrimer), 

4.09 (b, aliphatic protons from RCOO-CH2-); 6.59-7.21 (b, aromatic protons of FITC); 7.97 – 7.99 (b, 

d, NH of dendrimer interior). 

UV/Vis λmax of FITC-G5PAMAM-OH conjugate = 505 nm. 

FTIR** 
ATR (ν, cm-1): 3253-2825 (w, b, -OH surface groups and interior –NH of PAMAM); 1328-1200 (w, b, 

ester bond from FITC-PAMAM). 

Zeta potential ξ (mV) = -5.05 ± 0.44 (in PBS, pH = 7.4) 

* The 1H NMR data is expressed as follows: chemical shift, peak nature and multiplicity (m, multiplet; b, broad); 

** The FTIR data is expressed as follows: wavenumber and peak nature (w, weak; b, broad); 
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Figure 88 - Conjugation conditions for the preparation of the FITC-G5PAMAM-OH conjugate (1:11 
PAMAM:FITC molar ratio). 

 

2.1.4. Preparation and purification of FITC-PAMAM-COOH conjugates 

 

Similarly to the previous cases, several conjugation parameters were tuned in order to prepare 

the FITC-PAMAM-COOH conjugates. To this end, the G2.5, and 4.5 EDA-core PAMAM dendrimers 

with 100% -COONa surface groups were used in order to prepare the conjugates since that they 

contain an equivalent number of terminal groups of the previously selected PAMAM-NH2 and 

PAMAM-OH dendrimers.  

Despite our efforts and several attempts, the unequivocal preparation and characterization of 

the final FITC-PAMAM-COOH conjugates could not be achieved using the conditions reported in this 

thesis. All the reaction parameters described below were adapted procedures from reported 

methods128,235. 

The conditions followed for the preparation of the FITC-G2.5PAMAM-COOH conjugate are 

schematically shown in Figure 89 (1:9 PAMAM:FITC molar ratio).  

Briefly, the FITC (84 mg, 216 μmol) was dissolved in 20 mL of absolute ethanol and the EDC 

(105 mg, 631 μmol), catalytic amounts of DMAP (i.e. 10 % mol in relation to the limiting reagent) and 

1 M NaOH were added. After that, these materials were left to react for about 40 minutes with stirring 

at room temperature and protected from the light. After, the FITC solution was added in a dropwise 

fashion to the G2.5PAMAM-COOH dendrimer in methanol (140 mg, 22 μmol). The reaction was 

allowed to proceed for 48 hours with stirring, under dark conditions and at room temperature. The 

resulting orange solution was extensively dialyzed against UP water for 3 days. The dialyzed solution 

was then lyophilized yielding ca. 178 mg of a yellow/pale orange solid. The dialysis purification was 

followed by TLC using methanol:chloroform (1:1) as mobile phase. Like the previous cases, the 

complete removal of the unconjugated FITC dye was unsuccessful. Furthermore, the characterization 

data did not provide enough evidences of an effective conjugation. Regardless of these results, the 

most important peaks from the 1H NMR, FTIR and UV/Vis characterization are reported in the 

Table 11. 
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Table 11 - Summary table containing the key data associated with the characterization of the 
FITC-G2.5PAMAM-COOH conjugate. 

Technique Main peaks 

1H NMR* 
δ (400 MHz, D2O, ppm) = 2.63-3.66 (m, overlapping, protons of the –CH2- groups of the 

dendrimer), 4.28-4.26 (?); 6.60-7.34 (aromatic protons of FITC). 

UV/Vis λmax of FITC-G2.5PAMAM-COOH conjugate = 490 nm. 

FTIR** ATR (ν, cm-1): 3253-2825 (w, b, interior –NH of PAMAM); 1378-1000 (w, b, from FITC). 

Zeta potential ξ (mV) = -9.07 ± 0.64 (in PBS, pH = 7.4) 

* The 1H NMR data is expressed as follows: chemical shift, peak nature and multiplicity (m, multiplet; b, broad); 

** The FTIR data is expressed as follows: wavenumber (cm-1) and peak nature (w, weak; b, broad); 

 

 
Figure 89 – The explored conjugation conditions in an attempt to prepare the 
FITC-G2.5PAMAM-COOH conjugate (1:9 PAMAM:FITC molar ratio). 

 

The conjugation conditions adopted for the preparation of the FITC-4.5PAMAM-COOH 

conjugate are schematically shown in the Figure 90 (1:15 PAMAM:FITC molar ratio).  

Summarily, the G4.5-COONa PAMAM dendrimer (200 mg, 8 μmol) was dispersed in 37 mL of 

UP water. The FITC (46 mg, 119 μmol) solution was then prepared in 18 mL of ethanol with 1 M 

NaOH. After that, the FITC solution was added in a dropwise fashion to the dendrimer solution along 

with the EDC (55 mg, 287 μmol) and catalytic amounts of DMAP. The reaction was allowed to proceed 

for 48 hours with stirring, under dark conditions and at room temperature. After that time the orange 

solution was extensively dialysed against distilled and UP water for 3 days. The dialysed solution was 

then lyophilized yielding ca. 147 mg of a yellow/pale orange solid.  

Like the previous cases, the complete removal of the unconjugated FITC dye was unsuccessful. 

Also, in this case, the characterization data did not provide enough evidences of an effective 

conjugation. Regardless of this limitation, the most important peaks from the 1H NMR, FTIR and 

UV/Vis characterization are reported in the Table 12.  
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Table 12 - Summary table containing the key data associated with the characterization of the 
FITC-G4.5PAMAM-COOH conjugate. 

Technique Main peaks 

1H NMR* 
δ (400 MHz, D2O, ppm) = 2.63-3.66 (m, overlapping, protons of the –CH2- groups of the 

dendrimer), 4.33 (?); 6.60-7.34 (aromatic protons of FITC). 

UV/Vis λmax of FITC-G4.5PAMAM-COOH conjugate = 502 nm. 

FTIR** ATR (ν, cm-1): 3253-2825 (w, b, interior –NH of PAMAM); 1200-1000 (w, b, from FITC). 

Zeta potential ξ (mV) = -14.50 ± 0.42 (in PBS, pH = 7.4) 

* The 1H NMR data is expressed as follows: chemical shift, peak nature and multiplicity (m, multiplet; b, broad); 

** The FTIR data is expressed as follows: wavenumber (cm-1) and peak nature (w, weak; b, broad); 

 

 
Figure 90 - The explored conjugation conditions in an attempt to prepare the 
FITC-G4.5PAMAM-COOH conjugate (1:15 PAMAM:FITC molar ratio). 

 

2.2. Characterization of FITC-PAMAM conjugates 
 

In order to assess the successfulness of the conjugation reactions, all the FITC-PAMAM 

conjugates and the unconjugated dendrimers/FITC fluorescent dye were fully characterized by 
1H NMR, UV/Vis, FTIR and zeta potential measurement as described below.  

 

2.2.1. 1H NMR 

 

For the 1H NMR characterization of all the compounds, a Bruker Avance II+ 400 MHz equipment 

at 25 ºC (probe temperature) was used. The chemical shifts (δ) are presented in ppm and calibrated 

based on the residual solvent peaks. The 1H NMR spectrum of FITC was recorded by dissolving the 

compound in deuterated methanol (MeOD, Merck, 99.96 %). All the other compounds were dispersed 

in deuterated water (D2O, Merck, 99.99 %).  

Table 13 shows the minimum amounts of sample needed for an adequate 1H NMR 

characterization of the FITC-PAMAM conjugates. Due to the differences in molecular size between 
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the small FITC units and the PAMAM dendrimer scaffolds, longer acquisition times (i.e. 128 scans, 

30 minutes) were needed to obtain well-resolved NMR spectra. All the NMR data were treated using 

the Mnova NMR ® software, v9.1. The 1H NMR spectra of the non-conjugated dendrimers were 

obtained with inferior acquisition times when compared with the FITC-PAMAM conjugates. As a result, 

some peaks associated with the dendrimer were only visible upon longer acquisition times (e.g. 

protons of interior amides, -NH). Additionally, the 1H NMR of FITC-PAMAM conjugates was obtained 

using three distinct deuterated solvents (i.e. DMSO-d6, MeOD and D2O). Given the greater solubility 

and lower interference in the spectrum, the D2O was chosen for the acquisition of 1H NMR spectra of 

all conjugates. 
13C NMR was also obtained for some of the compounds in order to investigate any change on 

the PAMAM dendrimer carbons in the vicinity of the newly formed bonds. However, based on the 

conventional acquisition times we were unable to obtain a well resolved spectra that could provide 

the intended information. 

 

Table 13 – Minimum amounts of sample needed for an adequate 1H NMR characterization. 

Compound Mass (in mg) Volume of D2O (in µL) 
FITC-G3-NH2 5.076 550 

FITC-G5-NH2 5.166 550 

FITC-G3-OH 6.716 550 

FITC-G5-OH 8.200 550 

FITC-G2.5-COOH 8.708 550 

FITC-G4.5-COOH 5.118 550 

 

2.2.2. UV/Vis 

 

All the UV and UV/Vis spectra were obtained using a Perkin Elmer Lambda 25 

spectrophotometer. All the measurements were accomplished using a stopped quartz cell and with a 

scan interval between 190 and 900 nm. The conjugated and non-conjugated materials were dissolved 

in UP Water. The FITC-PAMAM conjugates were analyzed at the concentration of 0.02 mg/mL. The 

UV/Vis spectrum of unconjugated FITC was obtained by dissolving the compound in UP water at 

concentration of 0.01 mg/mL. The resulting spectrum was adjusted to the absorbance scale of the 

corresponding conjugates. As a reference, the UV/Vis spectrum of unconjugated FITC in MeOH was 

also acquired at concentration of 0.2 mg/mL (shown in the annexes, section A, no adjustments were 

done). 
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2.2.3. FTIR 

 

All the FTIR spectra were obtained through an ATR coupled Perkin Elmer Spectrum Two 

spectrometer. The IR spectra were collected by pressing small amounts of sample on a 

Diamond/ZnSe crystal. All the spectra were acquired at the resolution of 4 cm-1, with a minimum 

number of 20 scans and along the spectral range of 4000 to 400 cm-1.  

 

2.2.4. Zeta potential 

 

The zeta potential measurements were performed using a Zetasizer Nano ZS equipment from 

Malvern Instruments Ltd., UK. The measurements were made at 25 °C in a folded capillary cell from 

Malvern. In the first measurements, the equipment was left to calibrate for 180 seconds. 

In order to determine the surface charge of the conjugation products in similar conditions of the 

physiological medium, the samples were dispersed in 0.01 M PBS (pH = 7.4) at the optimal 

concentrations for this type of analysis (2 mg/mL). Each sample was measured in triplicate and the 

average and standard deviations were later calculated. The reported zeta potential values for the 

higher generation PAMAM dendrimers with the distinct terminal groups can be found in the annexes, 

section A7. 

 

2.2.5. Effect of pH on fluorescence intensity of FITC-PAMAM conjugates 

 

In order to elucidate the fluorescent behavior of FITC-PAMAM conjugates during the acidic 

endosomal/lysosomal maturation events, the fluorescence intensity of G4.5 and G5 FITC-PAMAM 

conjugates was measured at different concentrations and pH values.  

The fluorescence intensity was measured through a spectrofluorometer (Perkin Elmer LS 55) 

by dispersing the FITC-PAMAM conjugates in 0.01 M PBS at different pH values (4, 5.4, 6.4 and 7.4) 

and concentrations (0-4 µg/mL). The fluorescence intensity of the unconjugated FITC dye was also 

measured in the same conditions to be used as reference. All the measurements were accomplished 

by recording the fluorescence intensity at λ = 515 nm.  

 

2.3. Preliminary cytotoxicity studies of the FITC-PAMAM conjugates 
 

The usefulness of the prepared FITC-PAMAM conjugates for cell studies was explored through 

the preliminary analysis of their cytotoxic behavior. All the conditions applied for this study are 

described in the next sections.  
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2.3.1.  Cell culture conditions for cytotoxicity analysis 

 

All cell culture studies were accomplished using a mouse embryonic fibroblast cell line NIH 3T3 

acquired from DSMZ. For that purpose, NIH 3T3 cells were grown in 10 cm2 cell culture dishes (Fisher 

Scientific) using Dulbecco’s Modified Eagle Medium (DMEM, Sigma) supplemented with 1 % of 

antibiotic/antimycotic and 10 % of Fetal Bovine Serum (FBS, Gibco) – referred as complete medium 

from now on. The cells were cultured in an incubator (at 37 ºC with 5% CO2 atmosphere) until the 

desired number of cells were achieved and before reaching confluence. For this reason, the NIH 3T3 

cells were sub-cultured every 48 hours and harvested from sub-confluent cultures using trypsin-EDTA 

(0.1 mL/cm2). After the removal of nonadherent cells and medium exchange at each 24 hours, the 

cells were harvested at day 3 for subsequent studies.  

 

2.3.2. Effect on cell viability of FITC-PAMAM conjugates 

  

The generation 4.5 (-COOH termini) and 5 (-NH2 and –OH termini) FITC-PAMAM conjugation 

products were selected for the preliminary cytotixicity studies, since that the higher generation 

PAMAM dendrimers are the most commonly explored for biological applications. 

The cytotoxicity of these conjugates with distinct terminal groups was evaluated through the 

resazurin reduction assay. This assay relies on the evaluation of metabolically active cells that convert 

the non-fluorescent dye, resazurin, into a fluorescent product, resorufin, which can then be measured 

using a fluorimeter. By this way, the cell viability was determined in percentage and in relation to the 

unexposed cells, by establishing a direct correlation between the cell metabolic activity and the 

number of viable cells.   

In this study, the cell viability was evaluated as a function of the FITC functionalized PAMAM 

dendrimers containing distinct terminal groups (-NH2; -OH and –COOH). For this purpose, the 

NIH 3T3 cells different were exposed to distinct concentrations (2.5-25 µg/mL) of the conjugates for 

3 hours. In order to minimize possible interactions between the FBS and PAMAM dendrimer 

conjugates, the medium was depleted of serum during the incubation time.  

Briefly, the NIH 3T3 cells were seeded in 48 well plates (Fisher Scientific) at the density of 

2x104 cell.cm-2 with DMEM complete medium and left to incubate at 37 ºC with 5 % CO2 atmosphere. 

After 24 hours, the complete medium was replaced by a fresh one without FBS. Then 50 µL of each 

stock solution of FITC-PAMAM conjugates in PBS (pH=7.4) were added in order to obtain the 

intended exposure concentration. As reference, a statistically representative number of cells were 

also individually treated with: a) complete medium only (positive control); b) complete medium + PBS 

(negative control, 10% PBS v/v); c) unconjugated FITC at the concentrations of the corresponding 

conjugated dye and; d) the unconjugated PAMAM dendrimers at the same concentration of the 

conjugated ones.  
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After 3 hours, the cell culture medium was removed and complete, fresh, DMEM medium 

containing 10% v/v of a 0.1 mg/mL resazurin solution (Sigma-Aldrich) was added to each well. The 

cells were then left to incubate for 2 hours at 37 ºC and 5 % CO2. Past that time, 100 µL of the medium, 

from each well, were transferred to a 96 opaque well-plate and the fluorescence was measured using 

a microplate reader (Victor3 1420, PerkinElmer) at λex = 530 nm, λem = 590 nm. All the samples were 

analyzed based on six replicates.  
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3. Results and discussion 
 
3.1. Synthesis and characterization of FITC-PAMAM-NH2 conjugates 
 

Firstly, it is worth mentioning that the preparation of the FITC-PAMAM-NH2 conjugates was not 

as straightforward as it might look, and it required several attempts for the acquisition of the proper 

functionalization levels and yields. Moreover, the conjugation method applied in the current thesis 

followed the similar conditions of many other reported works, however many of them did not provide 

the sufficient characterization data required for an unequivocal confirmation of the conjugation 

efficiency and purity128,235,245,248,258. By opposing these trend, herein we try to provide a more careful 

overview in terms of the characterization of these conjugates. 

In this work, the preparation of the FITC-PAMAM-NH2 conjugates was accomplished by 

covalently linking the FITC dye to the primary amine groups of the PAMAM scaffold through a thiourea 

bond. The literature is great regarding the reaction between primary amines and isothiocyanate 

groups259,260. Thanks to the stability of the isothiocyanate groups in most of the solvents and their 

readily reactivity with primary amines, the FITC has been widely used for the conjugation with several 

amine-containing moieties, including proteins or dendrimers176,177.  

The inherent reactivity of FITC fluorescent dye comes from the ability of the isothiocyanate 

groups to react under the optimal conditions with nucleophiles like the amines. Note that, usually this 

reaction is highly selective to primary amine groups and produces the only stable final products. As 

shown in Figure 91, this reaction starts with the nucleophile attack (-NH2) on the central electrophilic 

carbon of the FITC isothiocyanate group. This event leads to an electron shift that results on the 

formation of a thiourea bond between the FITC dye and the PAMAM dendrimer176. Although 

dependent on the molar ratios and intended conjugation levels, the reaction usually proceeds 

completely after 18 hours261. 

It is important to note that the FITC has a better solubility in solvents like DMSO, ethanol or 

acetone and a low solubility in water. For this reason, when the reactions proceed in aqueous 

solutions, the pH of the medium must be higher than 6 in order to improve the solubility of the FITC 

dye*. Moreover, in this work, the FITC solutions were always freshly prepared and kept in the dark 

due to its light-sensitivity and relatively low stability in aqueous environments†.  

Moreover, the reaction between the FITC and the PAMAM-NH2 dendrimers requires the 

existence of alkaline conditions since that, at this pH, the primary amines are not completely 

protonated and as result are in the reactive form for the conjugation with the isothiocyanate group of 

the FITC176,261–263.  

*At alkaline pH, the cyclization of the FITC carboxyl groups is prevented resulting in higher solubility in water. 
†A less fluorescent derivative is formed (aminofluorescein) when the FITC is exposed for long periods of time 
in aqueous solutions.  
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Figure 91 – Representation of the reaction between the primary amines from PAMAM dendrimers 
and the electrophilic carbon from the FITC isothiocyanate group. 

 

It is important to mention that the formed thiourea bond as a limited stability due to possible 

hydrolytic events, however it is reported that the PAMAM-FITC conjugates are stable for at least 7 

days at room temperature248,264–266. For the best of our knowledge although no methodological study 

has been done, it is expected that at low temperatures (i.e. 4 ºC), the hydrolysis is delayed, resulting 

on an increased lifetime of the conjugate.  

As described before, two different purification methods were employed in order remove the 

unconjugated FITC dye. The extensive dialysis along with the purification through gel permeation 

chromatography (GPC, PD-10 columns) resulted to be ineffective for the complete purification of the 

final product (see annexes – section B). Such results contradict previously reported successful 

purifications solely based on these methods128,248. Always having in mind the importance of a pure 

product for the cell studies, different purification parameters (i.e. dialysis times and different elution 

conditions) were explored in the current thesis, however they were always ineffective to yield the 

desired purity level.  

Furthermore, it has been reported that the stochastic conjugation method used in the current 

work produces heterogeneous populations that are very difficult to purify by dialysis or standard 

column chromatography techniques (see section 1.6). More recently, it has been shown that 

preparative HPLC has proven to be useful for the purification of these conjugates yielding products 

of higher homogeneity160,234,264. Unfortunately, due to technical limitations we were unable to proceed 

with the purification of the FITC-PAMAM-NH2 conjugates by this approach. 

It is also important to mention that, herein, higher molar ratios of FITC fluorescent dye were 

used in order to achieve a successful conjugation. Although not shown here, our observations 

suggested that lower molecular ratios (< 1:10 PAMAM-NH2:FITC) usually resulted in very low 

conjugation efficiencies (< 1 dye per dendrimer). As a result, our increased FITC molar ratios may 

have escalated the difficulty to purify the conjugates simply based on dialysis or the gravimetric 

separation by GPC. 

Despite the high molar ratios, it is important to have in mind that our purpose was always to 

proceed with a limited FITC surface functionalization of the PAMAM-NH2 scaffold, mainly for two 

reasons. Firstly, the extensive conjugation of the FITC would result in a distinct dendrimer surface 



 119 Part 3. Results and Discussion 

nature and in which could affect its interaction with the biological interface. Secondly, it is known that 

2 to 5 FITC molecules provides the optimal level for posterior visualization. Usually a higher degree 

of conjugated dye results in self-quenching effects due to the greater spatial proximity of the 

fluorescent molecules and their relatively small Stokes shifts160,262.  

Furthermore, with the procedures applied in the current work, the yields were always limited 

due to the high number of manipulations associated with the purification steps. For that reason, in the 

final preparation attempts only extensive dialysis was used with the goal of purifying as much as 

possible the final conjugates but at the same time with a reduced impact over the yield. Due to the 

possible existence of unconjugated FITC and its unclear effect on the final mass, the yields were not 

calculated in percentage (see section 2.1.2). 

The conjugation efficiency between the G3 and G5 PAMAM-NH2 dendrimers and the FITC was 

assessed through the 1H NMR characterization. The 1H NMR spectra of both FITC-PAMAM-NH2 

conjugates are shown in the Figures 92 and 93. 

 

 
Figure 92 – The 1H NMR spectrum of the FITC-G3PAMAM-NH2 conjugate in D2O (at 400 MHz). 

 

As shown in the Figures 92 and 93 and despite the purity level of the synthesized conjugates, 

the appearance in both spectra of the peaks between 6.50-7.13 ppm (aromatic protons of FITC) along 
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with the one at 3.17 ppm provided evidences of a successful conjugation between the PAMAM-NH2 

dendrimers and the FITC. It has been previously described that the appearance of the broad peak 

around 3.71 ppm arises from the successful formation of the thiourea bond. This peak is observed 

due to the change on the chemical shift (deprotection) of the neighbor methylene protons near the 

newly formed FITC-PAMAM bond (marked with “b” in the spectra)128,248. The peaks marked with the 

“a” come from the methylene groups of the PAMAM scaffold. For comparative purposes, the stacked 

NMR spectra of the conjugates along with the unconjugated dendrimer and FITC can be found in the 

annexes, section A. 

 

 
Figure 93 - The 1H NMR spectrum of the FITC-G5PAMAM-NH2 conjugate in D2O (at 400 MHz). 

 

In this case, the number of FITC molecules per dendrimer scaffold was determined based on 

the 1H NMR characterization. However, it is important to note that the conjugation values presented 

in the Figures 92 and 93 are just an estimation and correspond to an average of whole sample 

population. Simply explained, the conjugation efficiency was predicted by performing the ratio 

between the integral values of the peaks corresponding to the dendrimer methylene protons near the 

thiourea bond (3.71 ppm) and the aromatic protons of the FITC dye (6.51-7.56 ppm). Based on this 

calculation, it was predicted that both conjugates contained an average number of 4 FITC molecules 
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per dendrimer. In the same way, other works have also reported similar conjugation efficiencies based 

on identical calculations and at analogous reaction conditions104,128,235,248,267.   

It is worth mentioning that, although the G5 PAMAM-NH2 scaffold contains a greater number of 

terminal groups, the conjugation efficiency was similar to the G3 PAMAM dendrimer. Again, it is 

important to remember that the presented values are just an approximation of the whole population. 

Additionally, it is also important to have in mind that, at higher generations, the steric crowding and 

back-folding of the terminal groups can also limit the accessibility in post-functionalization 

approaches.   

Although the FTIR and the UV/Vis characterization do not provide per se enough evidences of 

a successful conjugation, they were used to complement the 1H NMR characterization. The UV/Vis 

and FTIR spectra are shown in the Figures 94 and 95, respectively. The stacked UV/Vis and FTIR 

spectra containing the unconjugated dendrimer and FITC can be found in the annexes 

(see section A). 

Similarly to other reported works, herein based on the UV/Vis characterization, a shift in λmax 

(480 nm) of the free FITC, to the 502 nm on the conjugation products, provided further evidences of 

a successful reaction between the both PAMAM dendrimer generations and the fluorescent dye. 

Although still unclear, this redshift may be attributed to a change on the aromatic system of the FITC 

dye, by which an energy transfer phenomenon takes place after conjugation128,268.  

 

 
Figure 94 – UV/vis spectra of both FITC-PAMAM-NH2 conjugates (0.02 mg/mL) and FITC 
(0.01 mg/mL) in UP water. 

 

The FTIR results delivered additional evidences of a covalent conjugation between the FITC 

and the PAMAM scaffolds. In spite of the existence of a weak broad peak at 2100 cm-1 attributed to 
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the stretching of the unconjugated FITC isothiocyanate group, the appearance of the bands around 

the 1100-1300 cm-1 in the FTIR spectra, may be attributed to the stretching of the thiourea bond128,266.  

 

 
Figure 95 – FTIR spectra of both FITC-PAMAM-NH2 conjugates. 

  

In order to elucidate the surface charge of the FITC-PAMAM-NH2 conjugates, their zeta 

potential was measured at the conditions referred in the section 2.2.4.  

Similarly to previously reported observations, the reduced covalent conjugation of the FITC 

fluorescent dye did not induce any profound changes on the surface charge of the PAMAM-NH2 

dendrimers. Since that the conjugation extent was relatively small (average of 4 per dendrimer), only 

a slight portion of the dendrimer surface was consumed after conjugation128,269,270. However, it is 

important to note that this effect of surface consumption is greater for the G3 PAMAM-NH2 dendrimers 

due to the lower number of terminal groups. Theoretically, in this work, while that for the G3 

PAMAM-NH2 dendrimers an average of 12 % of the surface was functionalized, in the G5 an average 

of 3 % of the surface groups were substituted with the FITC dye.    

As shown in the Tables 7 and 8 (section 2.1.2), the zeta potential for the G3 and G5 

PAMAM-FITC conjugates were 12.73 and 18.83 mV, respectively. Given the surface nature of the 

PAMAM-NH2 dendrimer at the measured pH (7.4), these zeta potential values are in agreement with 

previous results128,269,270. Additionally, the increased zeta potential values of G5 conjugates arises 

from the greater number of charged amine end groups of these higher generation PAMAM-NH2 

dendrimers128. 
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The literature is huge regarding the conjugation reactions between the FITC dye and the 

amine-terminated PAMAM dendrimers. The stochastic nature of these conjugation reactions 

produces heterogeneous samples that are difficult to purify, characterize and that may produce 

inconsistent results during cell studies. As previously reported, it is clear that the synthesis of 

monodisperse PAMAM-dye conjugates is the key for their applicability for cell colocalization studies. 

Additionally by clearly identifying the nature of the conjugates we can more easily relate their 

biological activity to certain parameters of their molecular structure13,63,162. 

As a result, with the novel methods appearing in the literature (e.g. one-step click chemistry 

reactions, see section 1.6), they are providing advancements for the applicability of more 

homogenous conjugates in the cell studies and in the biomedical field in general13,63,162.  

 

3.2. Synthesis and characterization of FITC-PAMAM-OH conjugates 
   

Similarly to the previous conjugates, several attempts were needed in order to optimize the 

conjugation parameters for the preparation for the FITC-PAMAM-OH conjugates. It this case, different 

conjugation ratios and purification methods were used. The conjugation and purification conditions 

presented in the section 2.1.3 were the ones that provided a balance between the purity level and the 

desired yield.  

Herein, the conjugation of the FITC dye with the PAMAM-OH scaffold of two different 

generations (G3 and G5) was accomplished by a one-step reaction through the formation of an ester 

bond. For this purpose, the conjugation between the -OH groups of the PAMAM dendrimer and the 

carboxyl groups of the FITC was made through the action of the N’-ethyl-carbodiimide hydrochloride 

(EDC) and N-dimethylamino pyridine (DMAP). This esterification reaction involving the EDC and 

DMAP is widely known as Steglich esterification271. The literature is great regarding this type of 

reactions, and many works have used this approach for the esterification between alcohols and 

carboxyl groups271–275. The proposed reaction mechanism for the Steglich esterification between the 

PAMAM-OH dendrimer and the FITC is shown in the Figure 96. 

The Steglich esterification between the PAMAM-OH and FITC occurs at room temperature with 

the crucial presence of the DMAP. Usually the traditional reaction involves the use of 

N,N'-Dicyclohexylcarbodiimide (DCC) with DMAP, however DCC is poorly soluble on aqueous 

solutions and usually gives rise to by-products that a very difficult to remove at the end.  

As a result, here, the conjugation was accomplished by the use of EDC, since it shows a greater 

solubility in aqueous solvents and the unreacted compounds can be more easily removed in this 

medium (e.g. by dialysis).  

In the Steglich esterification, catalytic amounts of DMAP (~ 5 to 10 mol % of the limiting reagent) 

are enough to proceed with the reaction. In this situation, the DMAP as the function of an acyl transfer 

reagent. 
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Figure 96 – The proposed Steglich esterification between the PAMAM-OH and the FITC dye through 
EDC chemistry and catalytic amounts of DMAP (Figure adapted from Ref. 275) 271 

 

As shown in the Figure 96, the conjugation starts by the reaction between the carboxylic acid 

of the FITC and the nitrile of the EDC, giving rise to a more reactive intermediate, an O-acylisourea. 

This activated carboxylic acid is then able to react more easily with the alcohol terminal groups of the 

PAMAM dendrimer, which with the aid of DMAP catalyst gives rise to the ester bond.  

It is known that the action of DMAP catalyst is crucial for the successful formation of the ester 

bond. The basic explanation behind this is that the DMAP is a stronger nucleophile than the alcohol, 

in which reacts with the O-acylisourea intermediate and gives rise to a reactive amide. As a result, 

this amide reacts rapidly with the alcohol giving rise to the ester. Moreover, since that the reaction 

between the O-acylisourea intermediate and the alcohol is relatively slow the formation of undesired 

by-products may occur if the DMAP is not present. Usually, these by-products arise from the 

rearrangement of the O-acylisourea intermediate into a N-acylurea that does not react with alcohols 

limiting by this way the final yield (see Figure 97)274,275.271,274 
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Figure 97 – The possible rearrangement of the reactive O-acylisourea form into the less reactive 
N-acylurea (Figure adapted from Ref. 272). 

 

Since that in the current work the purpose was to prepare FITC-PAMAM-OH conjugates only 

as imaging agents, a low conjugation efficiency was intend in order to avoid any profound changes in 

the PAMAM-OH surface. Here, different molar ratios of FITC:PAMAM were applied for the two distinct 

PAMAM-OH dendrimer generations with the goal of achieving the intended low FITC-PAMAM surface 

functionalization. Clearly, in the case of the G3 PAMAM-OH, this ratio was lower, since that the 

number of terminal groups is inferior when compared with its higher generation counterpart (G5).  

Both conjugates were characterized by 1H NMR, UV/Vis, FTIR and zeta potential. The 

unconjugated PAMAM-OH dendrimers and FITC were also characterized by the same techniques to 

be used as a reference (see annexes, section A).   

Similarly to the FITC-PAMAM-NH2 conjugates, here, different purification techniques were also 

applied, however they were inefficient for the complete purification of the final products. Despite this 

fact, the characterization data indicates a successful conjugation of the FITC dye with the PAMAM-OH 

dendrimers.  

Three distinct purification techniques were used including, dialysis, precipitation and gravimetric 

GPC (i.e. PD-10 desalting columns).  

In the case of the dialysis, even with highly regular changes of the dialysis buffer, we were 

unable to purify the product completely.  

On other hand, by reconstituting the conjugates in methanol and precipitating them in acetone, 

traces of free FITC could still be detected. Moreover, this approach always resulted in the loss of 

great quantities of the final product after filtration.  

Finally, in the case of GPC, a sequential purification of the fractions was accomplished (see 

Figure 98). However, the spot of unconjugated FITC was always present in the TLC analysis (see 

annexes, section B). Also, this purification method resulted in the loss of great quantities of product.  
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Similarly to the FITC-PAMAM-NH2 conjugates, the high molar ratios of the FITC dye used for 

the conjugation with the PAMAM-OH dendrimers may have increased the difficulty to purify the 

products solely based on the traditional purification techniques. 

It is important to take into consideration that the purity analysis of these conjugates was always 

accomplished through TLC. As a result, based on this method, it may be difficult to determine the 

origin of the spot associated with the unconjugated FITC dye (see annexes, section B). For example, 

the probable existence of encapsulated dye cannot be disregarded and which may have been 

released during the TLC analysis. Accordingly, several works have reported the ability of PAMAM 

dendrimers to encapsulate dyes with a similar nature of FITC276a-c. Moreover, given the TLC 

separation conditions and the strong interaction of the dendrimer conjugate with the silica, the 

possible hydrolysis of the FITC-PAMAM bond should also be taken into consideration. Anyway, 

similar difficulties in terms of purification were also encountered in other published works upon 

comparable conditions of current thesis276d.  

 

 
Figure 98 – The sequential purification of the FITC-PAMAM-OH conjugates by gel filtration 
chromatography. During the elution, several fractions were collected and verified by TLC. In any of 
the cases, the spot related with the free fluorescent dye was always observed. A similar approach 
was used for the FITC-PAMAM-NH2 conjugates. 

 

Provided the limited purification based on the aforementioned techniques, we decided to select 

a single purification technique capable of removing as much as possible the unreacted materials 
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without compromising too much the final yield. As a result, in the last preparation attempts, we only 

accomplished the partial purification of the FITC-PAMAM-OH by extensive dialysis. 

Due to the possible presence of unconjugated FITC dye and its unclear impact over the final 

product, the yields are only presented in mass and not in percentage (see section 2.1.3).  

The 1H NMR spectra of the G3 and G5 FITC-PAMAM-OH conjugates are shown in the 

Figures 99 and 100, respectively. 

 

 
Figure 99 – The 1H NMR spectrum of the FITC-G3PAMAM-OH conjugate in D2O (at 400 MHz). 

 

According to the data shown in the Figures 99 and 100, the distinct peak profile of the FITC 

aromatic protons (around δ = 6.58-7.10 ppm) and the appearance of a new peak at 4.08 ppm indicates 

the formation of the ester bond between the FITC and both PAMAM-OH dendrimers. Additionally, the 

shift of the aliphatic protons of the conjugated dendrimer in relation to the unconjugated counterpart 

(marked as “a”, see annexes sections A3 and A4) provided further evidences of the successful 

formation of a covalent bond between the FITC dye and the PAMAM-OH dendrimers. 
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Figure 100 - The 1H NMR spectrum of the FITC-G5PAMAM-OH conjugate in D2O (at 400 MHz). 

 
In the same way of the FITC-PAMAM-NH2 conjugates, the number of FITC molecules per 

PAMAM-OH dendrimer was determined based on the data of the 1H NMR spectra.   

In the case of these FITC-PAMAM-OH conjugates, the conjugation efficiency was determined 

by doing the ratio of the integral values between the amidic protons of the PAMAM scaffold (δ = 7.97-

7.99 ppm) and the aromatic protons of the FITC (δ = 6.59-7.21 ppm). Based on these calculations, 

for both dendrimer generations, an average of four FITC molecules were theoretically bond per 

PAMAM-OH scaffold. These results are similar to other reported values that applied the same 

calculations and conjugation conditions235,257.  

Again, in this case, we support that the possible back-folding of the G5 PAMAM-OH terminal 

groups may have limited the functionalization of additional terminal units. Also, it is important to 

highlight that the presented conjugation efficiency is only an average of the whole sample 

population162. 

In order to obtain additional information regarding the success of these reactions, both 

FITC-PAMAM-OH conjugates were also characterized by UV/Vis and FTIR. These spectra are shown 

in the Figures 101 and 102, respectively. 
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Figure 101 – UV/vis spectra of both FITC-PAMAM-OH conjugates (0.02 mg/mL) and FITC 
(0.01 mg/mL) in UP water. 

 

In respect to the UV/vis spectra, in both conjugates, a red-shift of the FITC λmax was observed 

(from 480 nm → 500 or 505 nm). Similarly to the FITC-PAMAM-NH2 conjugates, in this case we 

support that the formation of the ester bond between the FITC and the PAMAM-OH dendrimers may 

have resulted in a slight change of the FITC electronic aromatic system (e.g. charge transfer events). 

 

 
Figure 102 – FTIR spectra of the FITC-PAMAM-OH conjugates. 
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In combination with the 1H NMR data, the appearance in both FTIR spectra of the peaks around 

1300 – 1200 cm-1 may be associated with a vibrational mode of the newly formed ester bond (C-O). 

These results can further confirm the successful conjugation between the FITC dye and the 

PAMAM-OH dendrimers.  

In order to determine the surface charge of the products, the zeta potential was measured in 

PBS at pH = 7.4. Given that at this pH, the hydroxyl surface groups of the PAMAM scaffold are weakly 

ionized, they mainly exhibit a surface charge that is close to zero. Our results are consistent with this 

statement, where the zeta potential observed for the G3 and G5 FITC-PAMAM-OH products 

were -6.10 and -5.05 mV respectively. These results are comparable to reported values at similar 

conditions128,234. The obtained zeta potential values show that no profound changes in the surface 

charge of the PAMAM-OH dendrimer occurred as a function of the conjugation reaction.   

As shown along this section, the preparation of FITC-PAMAM-OH conjugates is far from being 

a facile and straightforward task. The stochastic method followed for the conjugation reactions does 

not allow a fine control of the functionalization degree and in which may produce heterogeneous 

samples with different types of FITC-PAMAM populations. Such variability increases the difficulty to 

purify the final products properly. Although not accomplished in this work, we recommend that the 

extent of unconjugated FITC should be investigated in order to predict its impact over the whole 

product (e.g. by HPLC). It is clear that the TLC analysis is not enough to accomplish such findings.  

 Furthermore, as referred at the end of the section 3.1, it is crucial to follow preparation methods 

(e.g. click chemistry) capable of producing homogenous PAMAM-dye conjugates that can be more 

easily purified and characterized. Additionally, the preparation of such homogenous samples 

facilitates the acquisition of more consistent and reproducible results during cell studies by allowing a 

feasible relationship between the biological activity and their molecular structure.  

 

3.3. Synthesis and characterization of FITC-PAMAM-COOH conjugates 
 

For the preparation of the FITC-PAMAM-COOH conjugates, we faced the similar issues of the 

previous compounds. Likewise, several attempts were accomplished based on the use of different 

reaction parameters (i.e. such as molar ratios, reaction times, pH) in order to fluorescently label the 

G2.5 and G4.5 PAMAM-COOH dendrimers. Nevertheless, as we will see in the next paragraphs, 

based on the conditions reported in this work we were unable to clearly characterize and confirm the 

conjugation between the FITC dye and the both generation PAMAM-COOH scaffolds.  

Since that the purpose of the current work was to fluorescently label the PAMAM-COOH 

dendrimers with minimal surface modification, we avoided the conjugation methods involving the 

prior-modification of the carboxyl dendrimer surface for an improved bonding efficiency with the FITC 

(e.g. with EDA128,277). As a result, we decided to follow the previously reported one-step reaction 
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comprising the use of EDC and DMAP at alkaline conditions, without any prior modification of the 

PAMAM-COOH terminal groups235,278. 

The reactions applied in the current work relied on the previously reported observations where 

carbodiimides may be used for the preparation of acid anhydrides in the absence of other more 

reactive species like amines or alcohols279–281. For the best of our knowledge, since no reaction 

mechanisms have been proposed for the EDC/DMAP conjugation of FITC and PAMAM-COOH 

dendrimer, herein in the Figure 103, we show a general scheme that represents the possible reaction 

between them.   

As shown in the Figure 103, the reaction proceeds in a similar way of the previous PAMAM-OH 

conjugates. However, in this case, the critical step for the formation of the anhydride bond depends 

on the absence of other stronger nucleophiles. If that is the case, the carboxyl terminated dendrimers 

can react with the “active” amide (intermediary formed by DMAP) and give rise to an anhydride. The 

reaction must occur at alkaline pH, since that at this pH most of the PAMAM carboxyl groups are in 

their reactive form (not protonated) and the activity of the EDC is also higher.  

In this type of reactions, the presence of the DMAP is also crucial for the reaction to occur and 

avoid the formation of other side-products279,281,282. It is worth mentioning that according to previously 

reported conditions, parameters such as nature of the solvent or the carbodiimides may influence the 

fate and successfulness of these reactions279.  

 

 
Figure 103 – Representation of the possible reaction between the carboxyl groups of PAMAM 
dendrimers and the carboxyl groups of the FITC through the EDC/DMAP chemistry.  
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Similarly to the previous cases, in order to assess the conjugation efficiency, the obtained 

compounds were fully characterized by 1H NMR, UV/Vis, FITC and zeta potential. The unconjugated 

counterparts were also characterized by the same techniques, and their spectra can be found in the 

annexes, section A.  

The 1H NMR spectra of the both reaction products can be found in the Figures 104 and 105. 

However, since that we were unable to completely purify the final products, it is highly difficult to 

confirm the conjugation between the FITC and the PAMAM-COOH dendrimers solely based on the 
1H NMR data.  

Additionally, given the 1H NMR spectra complexity of the unconjugated counterparts (see 

annexes, section A5 and A6), it is difficult to assign any peaks associated with the successful 

formation of the conjugates. Besides that, since that no new peaks related with the protons near the 

anhydride bond can be clearly identified in the spectra, it make us to believe that the conjugation was 

not successful based on the conditions reported in this work. Also, the appearance in both spectra of 

unexpected peaks (1.06 - 2.00 pm) may indicate the existence of by-products or degradation products 

in the final materials. 

 

 
Figure 104 – 1H NMR spectrum of the reaction product between the FITC and the G2.5 
PAMAM-COOH in D2O (at 400 MHz).  
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When comparing the 1H NMR spectra of these conjugates with the ones of the previous 

sections, it is observable that the peak profile of the FITC aromatic protons is remarkably different. 

While in the case of the FITC-PAMAM-NH2 and –OH conjugates the peak profile changes (marked 

as “b” in the spectra), in this case, the peak nature is highly similar to the unconjugated FITC (see 

annexes, section A). Although still unclear, the broadening of the FITC aromatic protons may be 

associated with an effect caused by the conjugation between the PAMAM dendrimer and the FITC. 

For example, in the case of a successful conjugation, the peak broadening of the FITC aromatic 

protons may be attributed to long-range coupling phenomenons or to distinct relaxation times283. As 

a result, the data provided by the 1H NMR spectra of the FITC-PAMAM-COOH conjugation products 

may further indicate an unsuccessful conjugation.  

 

 
Figure 105 - 1H NMR spectrum of the reaction product between the FITC and the G4.5 
PAMAM-COOH in D2O (at 400 MHz). 

 

Similarly to the previous conjugates, we also proceeded with the UV/Vis characterization of both 

reaction products. The obtained UV/Vis spectra are shown in the Figure 106. Interestingly, in both 

products a red shift in the FITC λmax was detected (480 → 490 and 502 nm). Although these λmax shift 

may indicate some kind of alteration in the aromatic system of the FITC probe, no further conclusions 

can be taken since that the data provided by the other characterization techniques do not give enough 

evidences of a successful conjugation.  
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Similarly, the FTIR characterization of both reaction products does not provide enough data to 

confirm the successful conjugation (see Figure 107). Although the peaks around 1300 – 1000 cm-1 

may be attributed to the different vibration modes of the bonds from the FITC molecules (see 

unconjugated FITC spectrum, annexes, section A), it is difficult to obtain any further conclusion due 

to the limited purity of the final products and uncertain data from the other characterization techniques. 

 

 
Figure 106 – UV/Vis spectra of the reaction products between the FITC and the G2.5 and G4.5 
PAMAM-COOH (at 0.02 mg/mL) and FITC (0.01 mg/mL) in UP water. 

 
Figure 107 – FTIR spectra of the reaction products between the FITC and the G2.5 and G4.5 
PAMAM-COOH. 

 

Despite the unclear conjugation efficiency, we also proceeded with the zeta potential 

measurement of the obtained products. At pH 7.4 in PBS, the ξ values were -9.07 and -14.50 mV for 
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the G2.5 PAMAM-COOH and G4.5 PAMAM-COOH products respectively. These results are 

consistent with reported values for this type of carboxyl terminated PAMAM dendrimers128,269. In this 

case, at the pH 7.4, most of the carboxyl surface groups are deprotonated resulting in a more negative 

surface charge when compared with the hydroxyl terminated PAMAM dendrimers.  

While the main reason for the ineffective conjugation remains elusive, we point out a few 

possible causes.  

Firstly, the conditions followed in this work relied on the formation of an anhydride intermediary 

that is only stable for short periods of time, especially in the presence of strong nucleophiles176. It has 

been reported that the successful formation and stability of this type of anhydrides is equally 

dependent of the solvent polarity (i.e. higher polarity means less stability). As a result, it is known that 

although this type of intermediary anhydrides can be isolated, they cannot stored for future use due 

to their relatively low stability, especially in the conditions used for cell studies284.  

Additionally, the reaction lacks on specificity, which may result in low the conjugation 

efficiencies. In other words, this lack of specificity may allow the formation of FITC dimers (π-π 

interactions). This type dimers may then lead to some kind of steric hindrance that reduces the 

availability of the FITC molecules to the carboxyl surface groups of the PAMAM dendrimers285.  

In order to avoid this type of dimerization, we proceeded with the dropwise addition of the FITC 

dye (see section 2.1.4). Nevertheless, this approach did not result in the successful functionalization 

of the dendrimer scaffold.  

Given the purification and characterization difficulties described along this section, we propose 

that the fluorescent labeling of the PAMAM-COOH dendrimer should follow other approaches than 

the ones presented here. If the stochastic conjugation is intended, an alternative method may rely on 

the conjugation of other fluorescein derivatives that exhibit an improved specificity to the carboxyl 

terminal groups of the PAMAM dendrimer. As shown in Figure 108, an alternative relies on the use 

of the 5-(aminomethyl)-fluorescein that along with EDC/NHS chemistry allows a successful 

fluorescent labelling of the carboxyl-terminal groups of the PAMAM scaffold as previously reported by 

Grainger et al.269.  

 

 
Figure 108 – An alternative stochastic approach for the conjugation of a fluorescein derivative to the 
carboxyl terminated PAMAM dendrimers (Figure adapted from Ref. 269). 
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Other very recent alternatives involve the surface labeling of the PAMAM dendrimers through a 

set of complementary chemical groups that allow the well-controlled functionalization based on “click” 

chemistry reactions. Some of the novel approaches rely on the use of very specific linkers that 

facilitate the controlled functionalization of the PAMAM dendrimers surface with several functional 

units286,287. 
 
3.4. Effect of pH on fluorescence intensity of FITC-PAMAM conjugates 
 

The labelling of the PAMAM dendrimers with the FITC probe is a widely employed method to 

explore the cell internalization of these dendritic structures. As referred at the end of the section 1.7, 

the PAMAM dendrimers may be internalized by distinct endocytic routes. Most of the endocytic 

pathways involve the entrapment of the cargo in vesicles (i.e. endosomes and then lysosomes) where 

along the trafficking process the intravesicular pH drops from 6.5 to 4.0288,289.  

As shown in the Figure 109, the cell internalization of cargo through endocytosis usually involves 

a series of maturation and fusion events of the vesicles responsible for the intracellular trafficking. 

This process comprises a series of changes in the individual vesicles including the gradual reduction 

of the pH, the binding and unbinding of signaling proteins and the dynamic change in the cell 

membrane lipid composition. Additionally, the fate of the cargo relies on a series of signaling events 

associated with its internalization. While some materials are directed to the degradative pathway, 

others may be directed to specific cell compartments or be recycled again to the plasma 

membrane288,289.  

 

 
Figure 109 – The trafficking of cargo inside the cells and the associated fusion/maturation events. 
(Figure adapted from Ref. 269). 
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Since the FITC has been widely used in the literature to explore the cell internalization of the 

PAMAM dendrimers, we wanted to investigate their performance during the possible 

endosomal/lysosomal maturation events. For this purpose, the higher generation PAMAM conjugates 

were dispersed in PBS under distinct concentrations (0 – 4 µg/mL), and pH values (4.0 – 7.4). 

The Figure 110 shows the impact of the pH over the fluorescence intensity of the higher 

generation conjugation products. It is worth mentioning that the much lower fluorescence intensity in 

the case of the FITC-G5PAMAM-NH2 conjugate may be associated with the increased quenching 

effects caused by the PAMAM scaffold and due to possible electrostatic interactions between the 

cationic -NH2 end groups and the anionic FITC dye. However, the clear explanation of such behavior 

remains elusive.  

 

 

Figure 110 – The preliminary study of the pH effect over the fluorescence intensity of the prepared 
FITC-PAMAM conjugates. Note that the fluorescence intensity saturation level of the equipment is 
1000. The fluorescent intensity is presented as arbitrary units (a.u.).  

 

Before relating the influence of the pH over the FITC fluorescence intensity it is important to 

understand the origin of the fluorescence emission in this molecule.  

The FITC is a fluorescein derivate based on the xanthene dye system and that has been widely 

applied as a fluorescent probe due to the high quantum yield, molar absorptivity, well-characterized 

behavior in solution and the ability to conjugate with other molecules. Many well-characterized 
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fluorescein derivatives exist for several purposes, including: for improved conjugation with molecules 

of interest; greater solubility in specific solvents or enhanced stability165,271.  

In the case of the FITC, the fluorescent emission arises due to the existence of a conjugated 

polycyclic system. As shown in the Figure 111, the existence of the oxygen bridge between the two 

phenyl rings provides a rigid aromatic system that forces the structure into a planar shape. Such 

architecture results in the fluorescent emission when subjected to incident radiations at specific 

wavelengths (see section 1.4.4). The nature of this planar structure allows the photons to be reemitted 

due to the reduced number of electron-related secondary relaxation processes176,290–292a.   

 

 
Figure 111 – The fluorescein derivative, FITC, containing the oxygen bridge that allows the 
characteristic fluorescent emission.  

 

It has been widely reported that the photophysical properties of the fluorescein derivatives are 

strongly dependent of the environmental conditions. As a result, depending on the pH and solvent 

polarity, different forms of fluorescein may exist in solution resulting in discrete fluorescence spectra, 

quantum yields and fluorescence lifetimes at specific excitation wavelengths. For example, depending 

on the solvent nature, the existence of non-covalent interactions between the fluorescent dye and the 

solvent molecules may decrease the rotational freedom of the dye and result in fluorescence 

quenching176,290,291,293,294.  

When in aqueous solution, the fluorescein derivatives may exist in different monomeric forms 

over the whole pH range, where each form has its own pKa value. As shown in the Figure 112, while 

that at highly acidic solutions (pH < 2) the cationic form prevails, the fluorescein derivatives become 

neutral between pH 2 and 4. Until pH 5, the fluorescein molecules are mainly in monoanionic form 

while that at pH above 7 the monoanion becomes a dianion263.  
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At the pH range explored in the current work and according to the data shown in the previous 

figure, it is expected that different forms of the FITC were present in the samples.  

 

 
Figure 112 – The forms of the fluorescein at distinct pH conditions. All the forms exist in equilibrium 
at specific pH values. It is important to note that the polarity of the solvent also affects the form of the 
fluorescein. At neutral pH: in polar solvents the fluorescein is usually as a dianion, while that in 
nonpolar solvents the lactone form prevails (Figure adapted from Refs. 263,290 and 291). 

 

As a result, at pH 4.0 the neutral FITC structures prevailed, resulting in distinct quantum yields 

and emission spectra. It has been reported that the fluorescein-based structures at this pH present a 

QY ~ 0.18. Since that the neutral FITC structures do not contribute for any significant fluorescence, it 

is known that the fluorescent emission only occurs by the conversion of these structures, in the excited 

state, into the anionic forms. Since that at pH 4, the quinoid structure usually prevails in solution, the 

conversion into the anionic form occurs by the extremely rapid transfer of the proton from the carboxyl 

groups to the solvent molecules. For these reasons, the fluorescein structures at acidic pH (4-5) 

usually exhibit shorter fluorescence lifetimes and weaker intensities when compared with the “true” 

anionic forms. Additionally, the low fluorescence of the neutral species may also be attributed to 

internal conversion or intersystem crossing processes that compete with the fluorescent emission 

(see section 1.4.4)290,291,293.  

On the other hand, at the pH intervals between 5.4 and 6.4, both anionic forms of the FITC 

prevail which have contributed for the characteristic fluorescence emission and quantum yields shown 

in the Figure 110. It has been reported that the anion and dianion forms of the FITC and fluorescein 

derivatives are the only ones that truly contribute for the fluorescence emission. It is known that at the 

pH range of 5.4 – 6.4, the prevailing FITC structures present a QY of ~ 0.37. By further increasing the 
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pH towards the physiological values, the dianion starts to dominate resulting in one of the most brightly 

fluorescent low-molecular weight compounds known today, possessing a QY around 0.93*. However, 

as already referred, even in this form, the presence of the PAMAM dendrimers in the sample may 

have surely contributed for the fluorescence quenching of this FITC form291,292a.   

It is worth mentioning that in the case of the FITC, the existence of the isothiocyanate group is 

not enough to cause deep changes in the pKa value when compared with unsubstituted fluorescein 

molecule. It has been reported that substitutions on the phthalein ring have little effect on the pKa due 

to the remote distance in relation to the xanthene group. Usually the phthalein ring is twisted out of 

the plane from the xanthene rigid structure and as a result, the substitution on the phthalein part has 

little effect in the fluorescence output along the pH†. By this way, the behavior observed for the 

fluorescein molecule at different pH values can also be related for the FITC292a. 

Besides of the aforementioned changes in the FITC structure, it is important to have in mind 

that depending on the buffering capacity of the surrounding conditions, the PAMAM scaffold may also 

undergo in structural changes as a function of the pH (see section 1.2, Figure 14). As a result, 

depending on the degree of compaction such structural changes may also affect the fluorescence 

emission of the FITC through secondary absorption effects.  

With the results reported along this section, it is clear that the FITC labelling of the PAMAM 

dendrimers for cell colocalization studies can be limited.  

According to the data shown in the Figures 109 and 110, while that at neutral pH conditions 

(cytoplasm), the signal of the conjugated FITC may be detected, its internalization into vesicular 

structures (i.e. lysosomes, LYs) by endocytosis may result in a marked decrease of the fluorescent 

emission. This statement is in agreement with previous reported observations for other fluorescein 

based probes292b,c.  

It is important to have in mind that the LYs are functional cell organelles that contain an high 

proton concentration along with more than 50 distinct hydrolases‡ that may participate in the cell’s 

degradative pathway. As shown in the Figure 113, the biological membrane of the lysosomes has 

several integral proteins that are responsible to define the charge gradient inside these vesicles295. 

For this reason, the blackout of the fluorescence emission from the PAMAM-FITC may occur due to 

the characteristic decrease in the lysosomal pH during the endocytic trafficking.  

With the results reported in the Figure 110, it is expected that during the endosomal/lysosomal 

maturation events, the neutral FITC forms (pH ~ 4) will prevail resulting in a very low QY. Although 

*The improved fluorescence of the fluorescein anion and dianion forms are mainly associated with the increased 
QYs and fluorescence lifetimes provided by the characteristic electron system at the referred pH range. 
†On the other hand, the introduction of substituents on the xanthene rings may be explored to change the 
behavior of the fluorescein derivatives at distinct pH. While that, electron withdrawing groups lower the pKa, the 
electron donating groups increase this parameter. 
‡The hydrolases are digestive enzymes produced in the endoplasmatic reticulum and that migrate to the 
lysosomes to participate in the degradative pathway. This diversity of these enzymes is so great that almost 
any type of organic molecules may be degraded inside the lysosomes.  
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such behavior may not be useful for quantitative cell colocalization studies, the FITC may be explored 

for the preparation of biosensors as a function of the vesicular pH during endocytic trafficking296. 

 

 
Figure 113 – The elements that are responsible to define the lysosomal pH. The lysosomal pH is 
defined by V-ATPase activity that is responsible to control the H+ gradient based on the ATP 
hydrolysis. The pH level is also regulated by other elements that promote the influx of anions (e.g. like 
the chloride proton antiporter (CIC-7) and cystic fibrosis transmembrane-conductance regulator 
(CFTR)) (Figure adapted from Ref. 296). 

 

3.5. Preliminary cytotoxicity studies of FITC-PAMAM conjugates 
 

The Figure 114 shows the preliminary results regarding the cytotoxic behavior of the higher 

generation FITC labeled products on the mouse embryonic fibroblast cell line NIH 3T3. Each dataset 

was plotted based on the mean and the corresponding RSD of a single independent study with six 

replicates for each concentration. All data sets were plotted in relation to the negative control.   

 

 
Figure 114 - Cytotoxicity evaluation of FITC-functionalized PAMAM dendrimers and free FITC on the 
mouse embryonic fibroblast cell line NIH 3T3.  
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The results presented in the Figure 114 are in terms of metabolic activity since that the cytotoxic 

behavior of the compounds was assessed through the resazurin reduction assay. This method relies 

on the ability of the metabolically active cells to convert a redox non-fluorescent dye (resazurin) into 

the fluorescent product (resorufin). Since that both, the resazurin and resorufin are permeable through 

the cell membrane, the resazurin has the ability to enter the cells and be reduced, while on the other 

hand, the resulting metabolic product, resorufin, can pass through the plasma membrane and 

accumulate in the cell medium. As a result, this assay relies on the fact that nonviable cells are 

metabolically inactive and cannot convert the resazurin into resorufin. As a result, after exposing the 

cells to the compounds of interest, the resazurin reagent is added to cell medium and left to incubate. 

After the incubation time, the fluorescence signal of the medium is monitored through a 

microplate-reading fluorometer or by the spectrofluorometer297-299.297,298.  

The results shown in the Figure 114 indicate that no profound cytotoxic behavior of the 

conjugation products could be observed on the NIH 3T3 cells at the studied concentrations and 

incubation times (3 h). For all conjugation products, the metabolic activity indicates that none of the 

concentrations induced alterations below 0.7. 

Interestingly, the lower effect of FITC-G5PAMAM-NH2 conjugate in the cell metabolic activity 

suggests that the conjugation of the FITC molecule shielded the surface charge of the dendrimer. 

Consequently, this shielding resulted in a lower cytotoxic behavior when compared with the 

non-conjugated PAMAM-NH2 dendrimer300. On the other hand, the reduced effect of the 

FITC-PAMAM-COOH and –OH conjugates is in agreement with the reported observations referred in 

the section 1.7 due their characteristic charge and reduced interactions with the plasma membrane 

at physiological pH.  

In the cases where the metabolic activity was greater than 1 in relation to the control (i.e. 

non-conjugated PAMAM-COOH and –OH dendrimers) may be associated with the upregulation of 

the metabolic conversion of resazurin due to the presence of these exogenous molecules.    

The results presented in the section show that the prepared FITC-PAMAM conjugated do not 

induce deep alterations in the cell metabolic activity. This data indicates that the prepared compounds 

do not exhibit a noticeable cytotoxicity behavior at the concentrations and incubation time explored in 

the current work. Nevertheless, since that the results reported in this section are only preliminary we 

recommend the further optimization of described conditions along with the use of complementary 

cytotoxicity assays (e.g. LDH, ATP or total DNA assays) in order to provide a better understanding of 

the biological interaction of the prepared FITC-PAMAM conjugates. 
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4. Conclusions and outlook 
 

With the advent of the synthetic perpetual hyperbranched polymers, a great diversity of dendritic 

structures with unique chemical functionalities and physicochemical properties started to emerge.  

Thanks to the development of the synthetic routes and characterization methods, it is currently 

possible to prepare almost an unlimited number of dendrimers containing a discrete chemical nature 

along with a will-defined size, shape and surface chemistry.  

As shown in the early sections of this thesis, the current diversity of the dendrimer chemistry is 

huge and many different types of applications have been hypothesized for this type of structures. As 

an example, many properties of the dendrimers have been exploited in order to be specifically applied 

for the biomedical field. Some biomedical applications include for drug delivery, gene therapy, 

biosensors or as imaging agents. Although several dendrimer families have been explored for these 

purposes, the PAMAM dendrimers remain the most widely studied dendritic scaffolds. They are the 

most well-characterized dendrimer family and were the first to become commercially available with a 

great diversity of functional units at high generations.  

Some of the most attractive properties of the PAMAM dendrimers are associated with its 

multifunctional surface and hydrophobic interior. The almost unlimited functionality of the surface 

allows the conjugation with a great diversity of molecules including drugs, proteins or fluorescent 

dyes.  

Although in the last twenty years many research groups have explored the characteristics of the 

PAMAM dendrimers for biomedical applications, many of these works have overlooked the 

importance of the endocytic routes for the biological effect of these dendrimers. Nevertheless, with 

the recent discoveries associated with the endocytic processes, many works started to explore the 

importance of the endocytosis over the internalization and fate of the PAMAM dendrimers when 

exposed in the biological conditions.  

Some of the recent approaches to study the cell internalization of the PAMAM dendrimers 

involve the functionalization of the dendrimer surface with fluorescent dye for colocalization studies 

during endocytic trafficking. The stochastic functionalization with the FITC fluorescent dye, has been 

one of the most widely used approaches for being cost-effective and thanks to the high QY, 

fluorescence lifetimes and diversity chemical functionalities of this fluorescent molecule. 

Given the wide use of these FITC-PAMAM conjugates for cell internalization studies of the 

PAMAM dendrimers, in the current thesis, the goal was to explore the conjugation efficacy between 

the FITC and the PAMAM scaffold containing distinct surface groups (-NH2; -OH and –COOH) and 

generations (G2.5 → G5). 

As result, here we have explored the effect of different conjugation chemistries and reaction 

parameters in order to verify their successfulness for the FITC labelling of the PAMAM dendrimers 

with distinct terminal groups.  
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Firstly, in the case of the FITC-PAMAM-NH2 functionalization the well-known reactivity between 

isothiocyanate groups of the FITC and the primary amines of the PAMAM dendrimer terminal groups 

was explored. Based on this approach, we were able to identify the successful functionalization of 

both generation PAMAM dendrimers with the FITC dye. However, the complete purification of the 

final products could not be accomplished based on the methods applied in this work (i.e. dialysis, 

PD-10 columns).  

For the fluorescent labelling of the PAMAM-OH dendrimers, it was followed the EDC/DMAP 

chemistry for the carboxyl group activation of the FITC molecules and improved conjugation with the 

hydroxyl terminal groups of the dendrimer scaffold. Despite the possible existence of unconjugated 

fluorescent dye, the characterization data indicated the successful conjugation of the FITC with the 

G3 and G5 PAMAM-OH dendrimers.   

Regarding the FITC labelling of the carboxyl terminated PAMAM dendrimers, we have 

employed a previously reported method that relied on the formation of an anhydride bond through the 

EDC/DMAP chemistry. In this work and regardless the presented optimization attempts, the 

successful conjugation could not be clearly determined.  

Since that all the conjugation reactions were accomplished based on a stochastic method, we 

acknowledge the possible existence of heterogeneous PAMAM-FITC populations among the different 

samples. This heterogeneous nature may have increased the difficulty to achieve a better purity level 

through the followed methods. Additionally, we support that the further optimization of the presented 

reaction and purification conditions may provide better results in future attempts.  

Additionally, by exploring the fluorescence intensity of the FITC-PAMAM conjugation products 

at different pH conditions, we were able to analyze the applicability of the FITC probe for cell 

internalization studies. Based on the results reported in this work, we were able to confirm that the 

FITC molecules are highly sensitive to the environmental pH conditions. Based on spectrofluorometric 

studies, we have concluded that, while at physiological pH the prevailing FITC species exhibit a high 

QY, at lysosomal pH values, the dominant FITC species show a poor fluorescent performance. 

Although this sensitivity of the FITC may not be useful to study the endocytic trafficking of the PAMAM 

dendrimers, it may be explored as an intracellular biosensor that is sensitive to the environmental pH. 

The preliminary cytotoxicity studies on the NIH 3T3 cells (through resazurin assay) of the higher 

generation FITC-PAMAM conjugates have indicated that no profound cytotoxic behavior is observed 

between the concentrations of 0-25 µg/mL and 3 hours of incubation time. Our introductory results 

indicate that these type of conjugates may be further used for other type cell studies at described 

concentrations since that no significant changes on the cell metabolic activity was observed. 

Nevertheless, the further analysis of the biological interaction of these conjugates is recommended 

based on the optimization of the presented conditions and by the additional use of other cytotoxicity 

assays (e.g. LDH, ATP or total DNA assays) and parameters (e.g. other cell types and incubation 

times). 
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The results presented along this thesis may provide new insights regarding the synthesis and 

applicability of FITC-PAMAM conjugates for biological studies. It is therefore clear that the 

development of more efficient preparation, purification and characterization methods regarding the 

fluorescent labelling of the PAMAM dendrimers may provide useful tools to understand the pathways 

involved in their interaction with biological interface. For example, the development of such systems 

will help to understand the effect of the PAMAM surface functionalities over their cellular uptake and 

fate. This type of studies may aid in the development of novel PAMAM dendrimer-based drug/gene 

carriers with enhanced delivery efficiency across physiological barriers. 
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A. Supplementary data regarding the characterization of FITC-PAMAM conjugates 

 
A1. Supplementary characterization data of FITC-G3PAMAM-NH2 conjugate 

 

 
Figure A - I – Complete 1H NMR spectrum of the FITC-G3PAMAM-NH2 conjugate in D2O at 400 MHz. 

 
Figure A - II - 1H NMR spectra of the G3PAMAM-NH2 dendrimer (in D2O, top); unconjugated FITC 
(MeOD, middle) and; FITC-G3PAMAM-NH2 conjugate (in D2O, bottom) at 400 MHz.  
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Figure A - III – UV spectra of G3PAMAM-NH2 (in UP water at 16 mg/mL, purple line); unconjugated 
FITC (in UP water, normalized, orange line) and; FITC-G3PAMAM-NH2 conjugate (in UP water at 
0.02 mg/mL, black line). 

 

 
Figure A - IV – FTIR-ATR spectra of G3PAMAM-NH2 (top); unconjugated FITC (middle) and; 
FITC-G3PAMAM-NH2 conjugate (bottom). 
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A2. Supplementary characterization data of FITC-G5PAMAM-NH2 conjugate 

 

 
Figure A - V - Complete 1H NMR spectrum of the FITC-G5PAMAM-NH2 conjugate in D2O at 400 MHz. 

 

 
Figure A - VI - 1H NMR spectra of the G5PAMAM-NH2 dendrimer (in D2O, top); unconjugated FITC 
(MeOD, middle) and; FITC-G5PAMAM-NH2 conjugate (in D2O, bottom) at 400 MHz. 
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Figure A - VII - UV spectra of G5PAMAM-NH2 (in UP water at 13.75 mg/mL, purple line); 
unconjugated FITC (in UP water, normalized, orange line) and; FITC-G5PAMAM-NH2 conjugate (in 
UP water at 0.02 mg/mL, black line). 

 

 
Figure A - VIII - FTIR-ATR spectra of G5PAMAM-NH2 (top); unconjugated FITC (middle) and; 
FITC-G5PAMAM-NH2 conjugate (bottom).  
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A3. Supplementary characterization data of FITC-G3PAMAM-OH conjugate 

 

 
Figure A - IX - Complete 1H NMR spectrum of the FITC-G3PAMAM-OH conjugate in D2O at 400 MHz. 

 

 
Figure A - X - 1H NMR spectra of the G3PAMAM-OH dendrimer (in D2O, top); unconjugated FITC 
(MeOD, middle) and; FITC-G3PAMAM-OH conjugate (in D2O, bottom) at 400 MHz.  
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Figure A - XI - UV spectra of G3PAMAM-OH (in UP water at 3.53 mg/mL, purple line); unconjugated 
FITC (in methanol, normalized, orange line) and; FITC-G3PAMAM-OH conjugate (in UP water at 0.02 
mg/mL, black line). 

 

 

 
Figure A - XII - FTIR-ATR spectra of G3PAMAM-OH (top); unconjugated FITC (middle) and; 
FITC-G3PAMAM-OH conjugate (bottom). 
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A4. Supplementary characterization data of FITC-G5PAMAM-OH conjugate 

 

 
Figure A - XIII - Complete 1H NMR spectrum of the FITC-G5PAMAM-OH conjugate in D2O at 
400 MHz. 

 
Figure A - XIV - 1H NMR spectra of the G5PAMAM-OH dendrimer (in D2O, top); unconjugated FITC 
(MeOD, middle) and; FITC-G5PAMAM-OH conjugate (in D2O, bottom) at 400 MHz. 
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Figure A - XV - UV spectra of G5PAMAM-OH (in UP water at 3.53 mg/mL, purple line); unconjugated 
FITC (in UP water, normalized, orange line) and; FITC-G5PAMAM-OH conjugate (in UP water at 0.02 
mg/mL, black line). 

 

 
Figure A - XVI - FTIR-ATR spectra of G5PAMAM-OH (top); unconjugated FITC (middle) and; 
FITC-G5PAMAM-OH conjugate (bottom). 
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A5. Supplementary characterization data of FITC-G2.5PAMAM-COOH conjugate 

 

 
Figure A - XVII - Complete 1H NMR spectrum of the FITC-G2.5PAMAM-COOH conjugation products 
in D2O at 400 MHz. 

 
Figure A - XVIII - 1H NMR spectra of the G2.5PAMAM-COOH dendrimer (in D2O, top); unconjugated 
FITC (MeOD, middle) and; FITC-G2.5PAMAM-COOH conjugation products (in D2O, bottom), at 
400 MHz. 
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Figure A - XIX - UV spectra of G2.5PAMAM-COOH (in UP water at 3.1 mg/mL, purple line); 
unconjugated FITC (in UP water, normalized, orange line) and; FITC-G2.5PAMAM-COOH 
conjugation products (in UP water at 0.02 mg/mL, black line). 

 

 

 
Figure A - XX - FTIR-ATR spectra of G2.5PAMAM-COOH (top); unconjugated FITC (middle) and; 
FITC-G2.5PAMAM-COOH conjugation products (bottom). 
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A6. Supplementary characterization data of FITC-G4.5PAMAM-COOH conjugate 

 

 
Figure A - XXI - Complete 1H NMR spectrum of the FITC-G4.5PAMAM-COOH conjugation products 
in D2O at 400 MHz. 

 
Figure A - XXII - 1H NMR spectra of the G4.5PAMAM-COOH dendrimer (in D2O, top); unconjugated 
FITC (MeOD, middle) and; FITC-G4.5PAMAM-COOH conjugation products (in D2O, bottom), at 
400 MHz. 
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Figure A - XXIII - UV spectra of G4.5PAMAM-COOH (in UP water at 3.1 mg/mL, purple line); 
unconjugated FITC (in UP water, normalized, orange line) and; FITC-G4.5PAMAM-COOH 
conjugation products (in UP water at 0.02 mg/mL, black line). 

 

 
Figure A - XXIV - FTIR-ATR spectra of G4.5PAMAM-COOH (top); unconjugated FITC (middle) and; 
FITC-G4.5PAMAM-COOH conjugation products (bottom). 
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A7. General data related with the characterization of FITC-PAMAM conjugates 

 

 
Figure A - XXV – UV-Vis spectrum of unconjugated FITC (in MeOH at 0.2 mg/mL; no adjustments 
were done). 

 

Please note that in the previous sections, the appearance of the dendrimer peak in the UV 

region (around 250 nm) arises from the tertiary amines of the dendrimer interior. These results follow 

previously reported observations (Pande, S.; Crooks, R. M. Analysis of Poly (amidoamine) Dendrimer 

Structure by UV–Vis Spectroscopy. Langmuir 2011, 27, 9609–9613).   

 

Table A1 – Reported zeta potential values for the higher generation PAMAM dendrimers with distinct 
terminal groups. Please note that the dispersing medium and its pH have a strong impact over the 
net-charge of the PAMAM dendrimers.  

Dendrimer ξ (in mv) Dispersing medium pH Reference 

G5PAMAM-NH
2
 25 PBS 7.5 A1 

G5PAMAM-OH 1.69 Distilled Water n/a A2 
G4.5PAMAM-COOH -18 PBS n/a A3 

   
(A1) Liu, K. C.; Yeo, Y. Zwitterionic Chitosan–Polyamidoamine Dendrimer Complex Nanoparticles as a pH-Sensitive Drug Carrier. Mol. 

Pharm. 2013, 10, 1695–1704.  

(A2) Sadekar, S.; Ray, A.; Janat-Amsbury, M.; Peterson, C. M.; Ghandehari, H. Comparative Biodistribution of PAMAM Dendrimers and 
HPMA Copolymers in Ovarian-Tumor-Bearing Mice. Biomacromolecules 2010, 12, 88–96.  
(A3) Shcharbin, D.; Mazur, J.; Szwedzka, M.; Wasiak, M.; Palecz, B.; Przybyszewska, M.; Zaborski, M.; Bryszewska, M. Interaction between 

PAMAM 4.5 Dendrimer, Cadmium and Bovine Serum Albumin: A Study Using Equilibrium Dialysis, Isothermal Titration Calorimetry, Zeta 
Potential and Fluorescence. Colloids Surfaces B Biointerfaces 2007, 58, 286–289.   

http://pubs.acs.org/doi/abs/10.1021/la201882t
http://pubs.acs.org/doi/abs/10.1021/la201882t
http://pubs.acs.org/doi/abs/10.1021/mp300522p
http://pubs.acs.org/doi/abs/10.1021/bm101046d
http://pubs.acs.org/doi/abs/10.1021/bm101046d
http://www.sciencedirect.com/science/article/pii/S0927776507001518
http://www.sciencedirect.com/science/article/pii/S0927776507001518
http://www.sciencedirect.com/science/article/pii/S0927776507001518
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B. Supplementary experimental data related with the preparation of FITC-PAMAM conjugates 
 

B1. TLCs  

 
Figure B - I - TLC separation of the FITC-G3PAMAM-NH2 conjugate after dialysis. Left: TLC analysis 
of unconjugated FITC (A) and FITC-G3PAMAM-NH2 conjugate (B); Right: UV revelation of the same 
TLC plate at λ=366 nm.  

 

 
Figure B - II - TLC separation of the same FITC-G3PAMAM-NH2 conjugate after extended dialysis. 
Left: TLC analysis of the FITC-G3PAMAM-NH2 (A); unconjugated FITC standard in MeOH (B); 
G3PAMAM-NH2 in PBS (C). Right: UV revelation of the same TLC plate at λ=366 nm. 
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Figure B - III - TLC separation of the FITC-G5PAMAM-NH2 conjugate after dialysis and: Before 
passing the sample through PD-10 column (A); after passing the sample through PD-10 column (B). 

 

 
Figure B - IV – TLC separation of the FITC-G5PAMAM-OH sample after dialysis, precipitation and 
passing the sample through the PD-10 desalting columns, where: A) 1st PD-10 purification; B) 2nd PD-
10 purification; C) 3rd PD-10 purification; and 1) Before PD-10 purification; 2) After the 1st PD-10 
purification; 3) After the 2nd PD-10 purification; 4) After the 3rd PD-10 purification. Note that the spots 
of free FITC in (A) are not in the same place as in (B) or (C) since that the pictures taken are not in 
the same proportion. Although not clearly visible, in C) the spot of free FITC in (4) was also present 
(much lower intensity). 

 

Note that the TLC separation for other samples was also accomplished but they are not shown 

in here. Just a few examples are described based on the conditions reported along the thesis.  

Based on the reported solvent system, the Rf values obtained were: RfFITC-PAMAM = 0; 

Rfunconjugated FITC = 0.9.  
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