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Abstract 

 

 

Dendrimers hold great promise for a wide range of applications thanks to their unique structural 

architecture and multivalent cooperativity. Unfortunately, dendrimer synthesis often suffers from 

inherent problems of structural defects caused by incomplete reactions and difficulties associated 

with dendrimer purification because of the presence of highly similar side-products. For these 

reasons, alternative synthetic approaches to overcome the limitations of current dendrimer 

synthesis are in high demand. The objective of my PhD thesis is to contribute to advances in 

dendrimer synthesis by exploring solid-phase method and self-assembly approaches to enable the 

creation of structurally diverse dendrimers as new molecular paradigms and functional materials 

for future applications, in particular in the biomedical field. 

The first part of my PhD project mainly focuses on establishing novel strategies and 

methodologies for solid-phase dendrimer synthesis (SPDS) because SPDS has advantages of 

convenient synthesis and easy purification procedures. We first developed a new and concise solid-

phase synthesis of PAMAM dendrimers based on the adoption of peptide synthesis chemistry. 

High-generation dendrimers were successfully achieved using solid supports with a reduced 

loading ratio. We then constructed a small library of triazine dendrimers varying in generations and 

surface groups with a view to rapidly synthesizing dendrimers with structural diversity. We also 

strived to synthesize poly(aminoester) dendrimers using the solid-phase method. However, due to 

the labile nature of poly(aminoester) dendrimers, we were not able to obtain the desired dendrimers. 

We are still pursuing our efforts in this direction.  

The second part of my PhD program aims to apply the self-assembly approach for constructing 

supramolecular dendrimers, because self-assembly is a powerful yet convenient strategy to create 

supramolecular nanoassemblies. In particular, we would like to build a supramolecular dendrimer 

nanosystem as a nanotheranostic for simultaneous molecular imaging and drug delivery. For this 

purpose, a small DOTA-conjugated amphiphilic dendrimer with Gd(III)-chelation has been 

established. This dendrimer was able to self-assemble into supramolecular dendrimer nanomicelles 

to encapsulate the anticancer drug doxorubicin in the interior, while at the same time bearing 

Gd/DOTA-entities on the dendrimer surface. It constitutes a novel multivalent nanotheranostic to 

improve imaging sensitivity and resolution as well as therapeutic efficacy. 
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In summary, my PhD program mainly contributes to elaborating strategies for dendrimer 

synthesis using both solid-phase method and self-assembly approach. Results from these studies 

have allowed us to advance dendrimer synthesis and will further help us to improve our knowledge 

with a view to constructing versatile dendritic molecules and broaden their applications in the 

arenas of biomedical and material sciences. 

 

 

 

 

 

Keywords: solid-phase synthesis, inverse PAMAM dendrimers, triazine dendrimer library, 

poly(aminoester) dendrimers, self-assembly, amphiphilic dendrimers, nanotheranostics  
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Résumé 

 

 

Les dendrimères sont des outils extrêmement prometteurs pour un très large éventail 

d'applications du fait de leur architecture structurelle unique et à leur multivalence. Cependant, leur 

synthèse souffre encore de problèmes inhérents aux défauts de structure causés par des réactions 

incomplètes ainsi qu’à des difficultés associées à leur purification liées à la présence de produits 

secondaires très similaires aux dendrimères escomptés. Pour ces différentes raisons et afin de 

surmonter les limitations rencontrées lors de la synthèse de dendrimères, des approches 

synthétiques alternatives sont fortement requises. L'objectif de mon doctorat consiste à réaliser des 

avancées dans la synthèse de dendrimères en explorant notamment une approche sur support solide 

ainsi que des approches d'auto-assemblage pour faciliter la synthèse de dendrimères et permettre 

la création de nouveaux dendrimères structurellement diversifiés et pouvant être utilisés en tant 

que nouveaux paradigmes moléculaires et matériaux fonctionnels pour une large gamme 

d'applications. 

La première partie de mon projet de thèse se concentre principalement sur la mise au point d'une 

stratégie et d'une méthodologie novatrices pour la synthèse de dendrimères en phase solide (SPDS). 

Nous avons tout d'abord développé une nouvelle méthode de synthèse sur support solide de 

dendrimères poly(amidoamines) (PAMAM) basée sur l'utilisation des principes de la chimie de 

synthèse de peptides. Les dendrimères de hautes générations sont obtenus efficacement en utilisant 

un taux de charge réduit des supports solides. Nous avons ensuite construit une petite bibliothèque 

de dendrimères de type triazine en faisant varier la taille des dendrimères et donc la génération 

mais aussi la nature des groupes de surface dans le but de construire une variété de dendrimères de 

très grande pureté afin d’étendre la diversité d’applications de ces dendrimères. Cette approche 

nous a permis d'accéder rapidement à ce type de dendrimères de la triazine et d’utiliser des 

molécules pour des applications biomédicales spécifiques. Nous nous sommes également efforcés 

de synthétiser des dendrimères poly(aminoesters) en utilisant les principes de la synthèse sur 

support solide. Néanmoins, du fait du caractère labile de ces dendrimères, nous n'avons pu les 

obtenir, mais nous poursuivons tout de même nos efforts dans ce domaine. 
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L'auto-assemblage est également une alternative très intéressante pour générer des 

nanostructures supramoléculaires, qui peuvent se comporter comme étant plus que la somme de 

leurs unités constitutives individuelles et être dotées de propriétés totalement nouvelles. La 

deuxième partie de mon programme de thèse vise justement à appliquer une approche d'auto-

assemblage pour la construction de dendrimères supramoléculaires comme nanothéranostiques 

pour l'imagerie moléculaire simultanée et l'administration de médicaments. A cet effet, nous avons 

construit un petit dendrimère amphiphile modifié par DOTA présentant des propriétés chélatantes 

pour le Gd (III). Ce dendrimère est capable de s'auto-assembler en dendrimère supramoléculaire et 

par la même occasion d’encapsuler l’agent anticancéreux doxorubicine dans sa structure interne. 

Du fait de la présence également d’entités Gd / DOTA à la surface de ce dendrimère, nous avons 

ainsi constitué de nouveaux agents théranostiques à base de dendrimères multivalents afin 

d’améliorer la sensibilité et la résolution pour l'imagerie ainsi que l’efficacité des agents 

thérapeutiques. 

 

En résumé, les principaux efforts de ma thèse ont été orientés vers le développement de 

stratégies innovantes pour la synthèse de dendrimères en utilisant les principes de la synthèse en 

phase solide mais aussi ceux de l'auto-assemblage. Les résultats issus de ces études nous ont permis 

de mieux comprendre et de faire avancer nos connaissances actuelles en vue de construire 

davantage de molécules dendritiques polyvalentes et ainsi d'élargir leurs applications dans les 

domaines des sciences biomédicales et des sciences des matériaux. 

 

 

 

 

 

Mots-clés: synthèse en phase solide, dendrimères PAMAM inversés, bibliothèque de dendrimères 

de triazine, dendrimères poly(aminoesters), dendrimères auto-assemblés, dendrimères amphiphiles, 

nanothéranostique 
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中文摘要 

 

樹枝狀高分子具有可精確調控的高度分支結構與多價特性，是當前正在蓬勃發展的新

型合成高分子。近年來，隨著對樹枝狀高分子各方面研究的不斷深入，其多價性與協同性，

以及可形成奈米級球型結構等許多獨特的分子性質，在在引起相關領域的關注與探討。然

而，樹枝狀高分子的合成是一個繁瑣、耗時且費力的過程，由於製備過程中常存在結構高

度相似的副產物，因此導致純化與分離上的困難與複雜，進而削弱了它們在開發與應用上

的潛力。因此，開拓新的合成方法是目前發展樹枝狀高分子的重點方向之一。我的博士論

文主要以開發固相合成和自組裝方法有效製備樹枝狀高分子為研究重點。 

在本博士論文中第一部分的重點為建立固相合成法，利用其產物易純化及分離之優點，

作為樹枝狀高分子合成的新策略。首先，在胜肽合成化學的基礎上，設計了相對應的單體

分子作為固相合成的材料，以達合成新型的反式聚乙二胺樹枝狀高分子之目標。論文中亦

經由減少固相樹脂載體的負載率，成功建構了高代數樹枝狀高分子。而為增加固相合成樹

枝狀高分子之應用性與多樣性，更利用組合化學建立了具多種表面官能機修飾的三嗪樹枝

狀高分子樣品庫，該方法可快速獲取具分子多樣性的三嗪樹枝狀高分子庫，進一步提高樹

枝狀高分子可供應用的機會。另外，於本論文研究中亦使用固相方法合成聚胺酯樹枝狀高

分子，以克服此類分子在液相合成中的限制和挑戰。 

本博士研究之第二部分旨在以自組裝樹枝狀超分子，並將其應用於奈米科學、分子成

像和藥物傳輸。論文研究利用自組裝非共價鍵結合小代數樹枝狀分子，將其組裝成高分子

複合物，解決了樹枝狀高分子在傳統合成中的問題。研究中設計並合成了具1,4,7,10-四氮

雜環十二烷-1,4,7,10-四羧酸修飾之兩親性樹枝狀高分子，作為釓的螯合劑，將其應用於醫

學影像顯影劑，以提高成像靈敏度和分辨率。 

綜上所述，此博士論文主要致力於發展固相合成與自組裝作為樹枝狀高分子之合成策

略與其相關應用。利用已知之相關知識探討及研究成果，進一步結合固相合成與自組裝方

法，開發具多功能性及創新性的樹枝狀高分子，並將其應用擴展到生物醫學和材料科學領

域。 

 

關鍵詞：固相合成、反式聚乙二胺樹枝狀高分子、三嗪樹枝狀高分子、聚胺酯樹枝狀高分

子、自組裝、兩親性樹枝狀高分子、奈米材料、醫學影像。 
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Chapter I: General introduction 

 

 

1. Dendrimers 

 

Dendrimers are a special class of synthetic macromolecules with a precisely-controlled 

molecular structure and a unique radiating ramified architecture (Figure 1). They were first 

reported in 19781 by Vögtle and referred to as “cascade molecules”. Later on, the term “dendrimer” 

was coined and proposed by Tomalia and his co-workers based on the Greek words “dendron” (tree) 

and “meros” (part).2 Structurally speaking, a dendrimer is composed of three main components: (i) 

the central core from which the dendrimer emanates, (ii) the repetitive branching units which allow 

dendrimer growth in geometrically-organized radial layers called generations, and (iii) the large 

number and dense distribution of terminal groups on the surface (Figure 1). In 1985, Tomalia 

reported the synthesis of the first family of dendrimers, the poly(amidoamine) (PAMAM) 

dendrimers from generation 1 to generation 10.3 Shortly after, dendrimers such as polyether 

dendrimers4, polypropylamine dendrimers5, polypeptide dendrimers6 and phosphor dendrimers7 

etc. also emerged.8,9 Nowadays, over 100 types of different dendrimers have been reported with an 

impressive diversity in the core, repeating units and terminal functionalities, ranging from pure 

hydrocarbons to peptides or coordination compounds.10-12 

 



 

 2 

 

Figure 1. General presentation of a dendrimer composed of a central core (in orange: ), radiating 

branch units defining the number of generations (in blue: ), and surface terminals (in pink: ). 

 

 

Since the seminal report of Tomalia et al., dendrimers have always been intriguing and 

fascinating to the scientific community because of their unique structural properties such as the 

well-defined, regular and highly branched 3D-structure with various cavities in the interior, and the 

numerous terminals on the surface which result in multivalent cooperativity.8,13-15 These distinct 

properties of dendrimers have been widely exploited in various fields such as catalysis,16 molecular 

recognition and sensors17-19, host-guest chemistry8,13,20,21, energy storage and production22-24, and 

biomedical applications.10,25 We are particularly interested in the biological applications of 

dendrimers and will give a quick introduction to this field below. 

 

 

2. Biomedical applications of dendrimers 

 

As we mentioned above, the major structural characteristics of a dendrimer consist of: (i) the 

outer surface bearing a high number of functionalities; (ii) the inner and outer shells having a well-

defined branching structure and microenvironment; and (iii) the core which gradually becomes 

more shielded from the outside as the dendrimer grows bigger and bigger. These features together 
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with the precisely controlled chemical composition and molecular size can be specifically tailored 

towards a desired property or function that is often required for biological applications such as 

enzyme mimicry, drugs and drug delivery, vaccines, bio-imaging, tissue engineering etc. We 

present some brief examples to illustrate these aspects, with a view to giving a perspective on the 

promising biological applications of dendrimers. 

 

 

2.1. Enzyme mimics 

 

Dendrimer-based enzyme mimics are considered to be among the best candidates for creating 

biomimetic catalysts and artificial enzymes by virtue of their protein-like globular 3D-structure, 

their shielded inner microenvironment, and their exposed and easily accessible surfaces with 

numerous functionalities.26 In fact, the first PAMAM dendrimers were synthesized by Tomalia et 

al as protein mimics,27 because PAMAM dendrimers are composed of repeated amide units, similar 

to peptides and proteins. Dendrimer-based catalysis has gained considerable interest12 since the 

first report by Brunner et al. using an optically active phosphine dendrimer, a so-called 

“dendrizyme”, for enantioselective cyclopropanation of styrene with ethyl diazoacetate,28,29 and 

later by Knapen et al., who used a Ni(II)-functionalized silane dendrimer (1) (Figure 2) for 

regiospecific reaction of Kharasch addition of polyhalogenoalkanes.30 There are two major 

advantages of using dendrimers as catalysts. One is creating a large dendritic molecule with many 

active sites on the dendrimer surfaces. These types of catalysts can be considered as a hybrid of 

heterogeneous and homogeneous catalysts, featuring high reactivity and selectivity.31 The other is 

the encapsulation of catalytic agents such as metal catalysts, which are transported into the interior 

of the dendrimer, where their activities can be enhanced by dendritic effects.32,33 Many studies in 

this field have been reviewed and reported, including different types of dendrimer catalysts 

generated using dendrimers ranging from organic34,35/inorganic dendrimers12, peptide 

dendrimers,11,36,37 phosphor dendrimers12,31 and metallodendrimers,38 with various geometrical 

constructions in the core or on the terminals and branches, and in either homogenous or 

heterogeneous forms.31 
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Figure 2. Ni(II)-functionalized silane dendrimers as regiospecific catalysts reported by Knapen et 

al. in 1994. 

 

 

2.2. Drug and drug delivery 

 

The most successful biomedical application of dendrimers as drug is the sulfonate-terminated 

polylysine dendrimer with antiviral and antimicrobial activity, which has been trade-marked as 

VivaGelTM, and recommended by WHO for anti-HIV use in Africa.39 Also, various dendrimers 

such as PAMAM, peptide dendrimers, glycodendrimers and phosphor dendrimers with antiviral, 

antibacterial and anti-inflammatory activities have been explored and studied.40-48 

Dendrimers have also been extensively studied as drug delivery systems. For example, cisplatin 

was complexed to the surface groups of a carboxylate-terminated PAMAM dendrimer which led 

to a 10-fold increase in the solubility of the cisplatin compared to the free drug.49 This cisplatin-
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dendrimer conjugate was shown to target to the tumors in mice via the enhanced permeation and 

retention effect.49 Amine-terminated PAMAM dendrimers were employed for chemical 

conjugation with various drug molecules such as the anticancer drug methotrexate,50 which 

significantly enhanced the anticancer and anti-tumor activities. In addition, cationic dendrimers 

have been studied as vectors for nucleic acid delivery in gene therapy.51,52 This approach exploits 

the ability of the positively charged dendrimer to interact with the negatively charged nucleic acid 

to form stable and nanosized complexes, which can prevent nucleic acid from degradation and 

promote cellular update in order to bring the nucleic acid cargo either to the nucleus for gene 

transfection or to the RNAi machinery for gene silencing.53-56 Figure 3 illustrates one of the 

structurally flexible PAMAM dendrimers (2) developed in our laboratory, which bears a large and 

extensive core of triethanolamine (TEA) and is very effective for both DNA and RNA delivery.57 

Generation 5 of this dendrimer family has been scheduled in clinical studies for cancer treatment.58 
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Figure 3. TEA-core PAMAM dendrimer for nucleic acid delivery.57 

 

 

2.3. Vaccines 

 

Dendrimers such as peptide dendrimers and glycodendrimers have also been explored and 

investigated as vaccines. The multiple antigenic peptide (MAP) dendrimer systems (Figure 4) 

established by Tam et al.6,59,60 used defined mixtures of B- and T-cell epitopes to decorate the 

dendrimer terminals. By further conjugating the dendrimer with cancer-related peptides, the 

obtained MAPs could be processed in antigen-presenting cells in a similar way as antigens derived 

from intracellular pathogens (e.g. viruses), thereby providing a powerful immune response 

including cytotoxic T-cells.61 
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Figure 4. Multiple antigenic peptide (MAP) dendrimer. 

 

 

2.4. Imaging 

 

The earliest report of dendrimers for bio-imaging purposes is the use of PAMAM dendrimers 

conjugated with a contrast agent for magnetic resonance imaging (MRI).62 In that study, PAMAM 

dendrimers were decorated with Gd(III)-DTPA (diethylenetriaminepentaacetic acid) functional 

entities through a thiourea linkage.63,64 The so-obtained dendrimer conjugates had a long blood 

circulation time in mice (or other animals) and showed excellent MRI images of blood vessels. 

Later, polypropylenimine (PPI) dendrimers appended with Gd(III)-DTPA ligands were also 

developed.65-67 In the same direction, gadomer 17 was established based on dendrimers with a 

1,3,5-benzoic acid core and lysine residues as branching units with Gd-DOTA (1,4,7,10-

tetraazacyclododecane-1,4,7,10-tetraacetic acid) moieties attached at the dendrimer terminals 

(Figure 5). Gadomer 17 has been entered into clinical development and showed a good 

intravascular distribution and a rapid renal elimination. In addition, dendrimers were constructed 

with both targeting and imaging components.68,69 Several reviews provide further details of the 

development of nanomaterials for bio-imaging purposes.66,70-73 
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Figure 5. Structural illustration of gadomer 17 based on a polylysine dendrimer with Gd-DOTA 

moieties. 

 

 

2.5. Tissue engineering 

 

Besides the above-mentioned biomedical applications, dendrimers have also been explored for 

use in tissue engineering. Grinstaff et al. reported polyester dendrimers as injectable sealants for 

corneal wounds, thanks to the high density of functional-groups and low viscosity in solution.74-76 

In their work, they functionalized the peripheries of biodegradable polyester dendrimers (Figure 

6) with reactive groups capable of cross-linking and forming an insoluble hydrogel matrix upon 

UV irradiation. Using this procedure, the authors successfully sealed experimental corneal 

lacerations and are currently investigating the use of these materials for additional ophthalmic 

surgeries. 
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Figure 6. Biodegradable polyester dendrimers for sealing corneal wound in tissue engineering. 
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3. Conventional dendrimer synthesis and limitations  

 

As we mentioned above, dendrimers have various biological and biomedical applications. 

However, translation of these applications into therapeutic interventions has often been hampered 

by the quality and the consistency of dendrimer products.77 Dendrimer production requires a 

stepwise synthesis, which is similar to that of proteins and nucleic acids, yet completely different 

from conventional polymer preparation using one-pot synthesis. Consequently, dendrimer 

synthesis is tedious, time-consuming and laborious. In addition, dendrimer purification is 

particularly difficult and complicated due to the presence of impurities in the form of highly similar 

side-products and/or lower generation dendrimers. This situation gets even worse when preparing 

higher generation dendrimers. 

In general, dendrimer synthesis can be achieved via two classic strategies, namely divergent 

and convergent approaches (Figure 7). In the divergent approach, pioneered by Tomalia78 and 

Newkome79, and currently widely used, dendrimer growth proceeds “inside outward”, that is to 

say, starting from the core and building out towards the outer arms by stepwise multiplication of 

the branching units (Figure 7A).1,79-81 While this approach can achieve higher generation 

dendrimers, it is limited by structural defects generated from side reactions and/or incomplete 

reactions alongside difficulties with purification and separation.82 Conversely, in the convergent 

approach as developed by Hawker and Fréchet,80,81,83-85 a dendrimer is constructed from the outer 

terminal and inward towards the core, by coupling of dendritic wedges, so-called dendrons, from 

lower to higher generations (Figure 7B). In the convergent approach, the size and generation 

number of the final dendrimer is pre-determined, providing greater structural control than the 

divergent method because there are fewer reaction steps and structural defects. The final products 

are therefore easier to purify. However, the convergent strategy is limited to the preparation of 

rather low-generation dendrimers due to the steric hindrance of high-generation dendrimers.82 
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Figure 7. Illustration of (A) divergent and (B) convergent approaches for dendrimer synthesis. 

 

 

A further strategy based on a combined divergent/convergent method, called the double-stage 

approach,86 has also been developed which can accelerate dendrimer synthesis. More recently, a 

strategy based on “click” chemistry82 has shown good promise for rapid and efficient dendrimer 

synthesis. Nevertheless, both of these new approaches maintain essentially the same chemistry as 

divergent and convergent synthesis, and hence inevitably inherit the problems concerning 

structural defects and impurities encountered in divergent and convergent synthesis as well as the 

problems with the purification procedure. Therefore, a method for convenient synthesis of 

dendrimers with structural consistency and high quality is in great demand.81 
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4. Alternative strategies for dendrimer construction 

 

As we mentioned above, both divergent and convergent dendrimer synthesis as well as the 

double-stage and click chemistry methods suffer from inherent problems of synthesis and 

purification of high-generation dendrimers.77 Therefore, alternative strategies such as solid-phase 

synthesis (SPS) and self-assembly approaches have been proposed and explored for dendrimer 

construction. 

Solid-phase synthesis (SPS), first developed by Merrifield for peptide synthesis,87 has multiple 

advantageous features such as efficient and complete reaction, ease of practical implementation, a 

simple purification process and the possibility of eventual automation. Therefore, it constitutes a 

promising alternative for overcoming the problems encountered during dendrimer synthesis in 

solution. In addition, the stepwise synthesis of dendrimers resembles that of peptides/proteins and 

oligonucleotides/nucleic acids, which can be prepared routinely in large quantities and high quality 

using solid-phase synthesis nowadays. Therefore, we expect that solid-phase synthesis may open 

up new avenues to transform dendrimer synthesis for constructing functional and dendritic 

materials for various applications. 

Meanwhile, self-assembly is a fundamental concept and an appealing approach for the creation 

of new molecular architectures and functional materials in modern molecular science.88-90 It relies 

on the cumulative effects of non-covalent interactions to assemble molecular building blocks into 

supramolecular entities in a specific, controllable and reversible way, yet with relatively little 

synthetic effort.91 Recently, convergent self-assembly of small dendrons into supramolecular 

nanostructures for biomedical applications has become of considerable interest. In particular, our 

group has introduced the concept of self-assembling small amphiphilic dendrons into 

supramolecular nanomicellar dendrimers as nanovectors for the delivery of nucleic acids and 

anticancer drugs for gene therapy and cancer treatment.56,92-94 Given these encouraging results, 

self-assembly of small amphiphilic dendrons to create supramolecular dendrimers constitutes a 

promising new strategy for dendrimer constructions.   
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5. Aim of this PhD thesis 

 

Based on the brief overview of dendrimers and dendrimer synthesis presented above, I would 

like my PhD project to contribute to the development of dendrimer synthesis using the solid-phase 

synthesis and self-assembly approach. The first part of my PhD project (chapter II) mainly focuses 

on establishing a novel strategy and methodology for solid-phase dendrimer synthesis (SPDS) in 

the hope that SPDS will transform dendrimer synthesis and enable the creation of structurally 

diverse dendrimers as new molecular paradigms and functional materials for a wide range of 

applications. Different types of dendrimers, such as PAMAM dendrimers, triazine dendrimers and 

poly(aminoester) dendrimers, were synthesized using the solid-phase approach in my PhD project, 

and some of them were realized with great success. In the second part of my PhD program (chapter 

III), I further explored the self-assembly approach for constructing supramolecular dendrimers as 

nanotheranostics for simultaneous molecular imaging and drug delivery. Motivated by the 

promising results that we have obtained from self-assembled amphiphilic dendrimer nanomicelles 

for drug delivery,93 a DOTA-modified amphiphilic dendrimer with Gd(III)-chelation has been 

established. This dendrimer will be used to create novel dendrimer-based MRI contrast agents with 

multivalence to improve imaging sensitivity and resolution. In the following chapters, I will 

present my PhD research in the hope that further work will deliver more efficient methods for 

advancing the synthesis of dendrimers, which can be explored and extended into the arenas of 

biomedical and material sciences.95 
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Chapter II: Solid-phase synthesis of dendrimers 

 

 

Section 1. Solid-phase dendrimer synthesis: a brief overview 

(manuscript in revision) 

 

1. Background of solid-phase synthesis (SPS) 

 

Since its advent, solid-phase synthesis (SPS) has generated a revolution in the synthesis of 

biological macromolecules. The seminal work of Merrifield in the early 1960s,1 comprised the 

solid-phase synthesis of peptides, in which an amino acid was first attached to an insoluble resin 

and then assembled into peptides via stepwise and iterative synthesis through peptide bond 

formation.1 Compared to solution-phase synthesis, this approach was proved to be very effective 

and yet could be performed conveniently in a short time frame with minimal side reactions and 

easy purification procedures. As such, this inaugural solid-phase synthesis strategy revolutionized 

peptide synthesis and earned Merrifield the Nobel Prize in 1984.2 Based on this pioneering work,1 

solid-phase synthesis can be defined as a process involving the anchoring to an insoluble support 

of a molecular component onto which other molecular motifs are subsequently added to construct 

the desired target molecule (Figure 1.1). Each synthetic step in solid-phase synthesis is followed 

by a purification process involving simple washing and filtration in order to collect the desired 

product on a resin ready for the next stage of preparation. The whole synthesis process hence 

consists of iterative assembly and purification steps until the final step involving cleavage of the 

final product from the solid support (Figure 1.1).3 
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Figure 1.1. Principle of solid-phase organic synthesis (SPOS). 

 

 

Compared to a solution-phase synthesis for which each reaction step requires, time-consuming 

and tedious separation of the desired product from the reaction mixture, the solid-phase strategy 

allows easy removal of excess reagents and unbound by-products by simple washing and filtration 

procedures at each synthetic step. The ease of purification allows chemists to use a large excess of 

reagents, which often drives the reaction towards product formation in high yields, while 

minimizing and/or suppressing the formation of by-products, and at the same time, speeding up 

the reaction. Consequently, the SPS approach is very effective and straightforward, enabling the 

synthesis to be achieved rapidly and conveniently yet in high yields. Following the initial success 

in generating peptides,4 solid-phase synthesis has since rapidly gained in popularity3 and made 

readily accessible the synthesis of complex biological macromolecules such as polypeptides,4 

oligonucleotides,5 or oligosaccharides6, that are otherwise difficult to accomplish in solution. In 

addition, solid-phase synthesis has been implemented in the fabrication of structurally diverse 

small molecules7 and polymers,8 as well as in combinatorial chemistry to construct new chemical 

entities and natural product-like libraries.9,10 Nowadays, solid-phase synthesis has widely 

employed for both academic research and industrial production. 

Solid-phase synthesis (SPS) is expected to overcome the synthetic and purification problems 

encountered for dendrimer synthesis by offering complete chemical reactions via using a large 

excess of reagents yet an extremely efficient purification process consisting of simple washing and 

filtration (Figure 1.2). The first solid-phase dendrimer synthesis was explored by Tam in 1988 for 

preparing peptide dendrimers.11 Since then, solid-phase synthesis has successfully generated a 

large array of dendrimers including oligonucleotide dendrimers, carbohydrate dendrimers, 
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PAMAM dendrimers, polyester dendrimers, polyurea dendrimers, polyether/polythioether and 

triazine dendrimers etc, illustrating the remarkable structural and chemical diversity of dendrimers 

which can be achieved with this approach. Below, we will briefly comment the general 

considerations for solid-phase synthesis before presenting some pioneering and archetypal 

examples for dendrimer synthesis. 

 

 

Figure 1.2. Principle of solid-phase dendrimer synthesis (SPDS). 

 

 

Considerations for solid-phase synthesis (SPS) 

 

A successful solid-phase synthesis (SPS) starts with the judicious choice of the solid support 

and the linker bearing the reactive functionality in order to be compatible with the chemical 

reactions to construct the dendrimers.3 The choice of solid support with appropriate loading, 

solvent and monitoring method for ensuring dendrimer growth towards high generations is also 

crucial.12 These considerations will be discussed below to provide some general information and 

knowledge.  

 

1.1. Solid supports13 

 

When selecting a solid support, stability under acidic, basic, reducing and oxidizing conditions, 

mechanical properties and recyclability are all concerns which should be taken into account. Two 

categories of solid support are commonly used: (i) inorganic materials such as silica, alumina, 

glass or clays, and (ii) organic polymeric resins which are often composed of polystyrene cross-
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linked with divinylbenzene. Inorganic supports often have relatively poor mechanical stability and 

low loading of functional groups, while organic polymeric supports are able to provide high 

loading capacity alongside varied physical and chemical properties. Polymeric supports are the 

most commonly used solid-support, the network of which is flexible and can expand or exclude 

solvent to accommodate the growing molecules within the resin matrix. There are commonly three 

types commercial available polymeric resin classified: polystyrene (PS) resins, poly(ethylene 

glycol)-polystyrene (PEG-PS) resins and hydrophilic PEG-based resins. 

 

1.2. Linkers13 

 

The linker harboring the reactive functionality which connects the solid support to the 

substrate12 is also another critical issue to consider for SPS (Figure 1.3). The linker can be 

designed to be either acid/base labile, or nucleophile labile or photolabile, in order to efficiently 

immobilize the substrate on the support while ensuring the trouble-free cleavage of the final 

product from the resin. A good linker should be easily functionalized with a variety of reagents, 

stable under various reaction conditions and able to undergo efficient cleavage without 

endangering the final products. Also, the influence of linker length and chemical composition 

(hydrophobic/hydrophilic) is a key factor for solid support. For example, the TentaGel™ resin-

linker carrying a long and flexible polyethylene glycol (PEG) spacer, which was designed to make 

the reactive sites accessible to reagents while avoiding steric hindrance for the synthesis in the 

solid-phase. 

 

 

Figure 1.3. Schematic presentation of a solid support for solid-phase synthesis. 
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1.3. Resin swelling and solvents 

 

Regarding to polymeric resin, folding of the polymer chains may deeply bury reactive sites of 

the linker within the resin matrix, thereupon limiting accessibility to reaction reagents and 

impeding the reaction (Figure 1.4). Long-term storage may further deactivate the reactive sites, 

which can impair the reaction, hence compromising the reaction efficiency. The ratio of cross-

linking bridges between the polymer chains is another factor to impart mechanical stability and 

swelling properties to the resin matrix.14-16 Degree of cross-linking impacts the swellability. Low 

level of cross-linkage (under 1%) yields exceedingly swellable but mechanically weak resin 

networks, while highly cross-linked polymers, though mechanically stronger, do not swell much 

even in good solvents, impeding high yielding for solid-phase synthesis. For these reasons, 

properly pre-rinsing and swelling the resin is important to release the polymeric chains and expose 

the reactive sites to ensure that substrates bound to the solid support are accessible to reagents. A 

swollen polymeric resin is like a solvent influencing the reaction efficiency.17 Thus, the selection 

of solvents can be critical, as well as considerations of mesh size, loading capacity and the 

composition of the resin. 

 

 

 

Figure 1.4. Pre-rinsing and swelling the polymeric resin is important to release and expose the 

reactive sites. 
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1.4. Loading capacity of solid support18,19 

 

Various solid supports with different loading capacity of the linker are nowadays commercially 

available. High loading amount of resin can host more compounds on resin than the one with the 

lower loading one, leading to higher production. Although loading capacity will not influence 

greatly the chemistry in classical solid-phase synthesis such as solid-phase peptide synthesis, it 

needs to be considered seriously in the solid-phase dendrimer synthesis. Because of the dendritic 

structure, dendrimer will occupy more space with increasing generation. Therefore, when using 

high loading resin, the distance between two dendrimers on the same resin bead may be getting 

too closed while preparing large dendrimer; and eventually, the repulsion between two neighboring 

dendrimers will impede the reaction and cause incomplete reaction as well as side product. 

Therefore, suitably reduced the loading ratio is important in the preparation of high generation of 

dendrimers through SPDS (Figure 1.5). 

 

 

 

 

Figure 1.5. Resin with lower loading capacity is able to decrease steric congestion when 

synthesizing higher generation dendrimers. 

 

 

1.5. Reactions 

 

It is also worth mentioning that the reactions used in SPS should be highly effective and 

efficient, devoid of possible side reactions and by-products, and at the same time, compatible with 

the solid supports, intermediates and final products that will be present during the synthesis. A 



 

 29 

variety of classical and modern metal-catalyzed reactions have been successfully implemented on 

various insoluble supports, including silica, clays and organic polymers and recently documented.3 

This offers a great promise for synthesizing dendrimers with broad chemical and structural 

diversity. 

 

1.6. Monitoring chemical reaction 

 

Monitoring the progress of the reaction during SPS is essential for controlling and assessing 

the synthesis. Conventional methods rely on analyzing the products released from the solid 

supports or using a facile colorimetric test to track the appearance and disappearance of a chemical 

functionality or entity on the solid support.20 Recently, emerging technological advances have 

made solid-state NMR, IR and Raman spectroscopy suitable non-destructive methods for tracking 

the progress of the reaction in situ in the solid-phase.21,22 However, these methods are limited to 

certain special chemistry and functional groups for selectively detection, not yet generally 

applicable to all SPS in particular to SPDS. Therefore, the development of on-site analytical 

methods to follow the progress of reactions will greatly accelerate and facilitate SPDS. 

 

 

2. Selected examples of solid-phase dendrimer synthesis (SPDS) 

 

In view of the above-mentioned considerations, some pioneering and archetypal studies on 

solid-phase dendrimer synthesis were presented below, showcasing the promise, scope and 

limitation of solid-phase dendrimer synthesis. 

 

2.1. Peptide dendrimers 

 

A peptide dendrimer can be broadly defined as any dendrimer which contains peptide 

backbones in the core and/or as branching units. Peptide dendrimers have often been conceived as 

protein mimics, antiviral and anticancer agents, vaccines, drugs and drug delivery systems.23 In 

1988, Tam described the first solid-phase synthesis of peptide dendrimers using a general but 

chemically explicit approach for the preparation of multiple antigen peptide systems (MAPs) 
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(Figure 1.6).11 These MAPs are composed of a polylysine dendrimer as skeleton, with peptide 

antigens appended on the dendrimer periphery to provide multivalent immunoactivity. Both the 

polylysine dendrimer core and the peptide antigens at the terminals were achieved via stepwise 

peptide synthesis in the solid-phase. The synthesis started with the assembly of the polylysine 

dendrimer on a solid support, which involved attaching the protected lysine (5) via its free 

carboxylic acid terminus to the amine-bearing resin. Subsequent deprotection freed the two amine 

functions for further coupling with the free C-terminus of the next protected lysine (5). Iterative 

synthesis allowed increasingly high generations of the peptide dendrimer to be made in this way, 

and the final product was cleaved from the solid resin once the desired peptide antigen sequence 

was achieved (Figure 1.6). The so-obtained dendritic MAPs were used as immunogens for various 

immune response investigations as well as for antibody production. 

 



 

 

3
1

 

 
Figure 1.6. Solid-phase synthesis of multiple antigen peptide systems, the first peptide dendrimers.11
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Following the successful synthesis of MAPs, many peptide dendrimers such as poly(glutamic 

acid), polyarginine, polyproline and polyglycine were also prepared using solid-phase synthesis.24 

It is worth mentioning that linear polyproline oligomers have unusual conformational plasticity 

due to the unique rigidity of proline, which originates from the pyrrolidine ring and the secondary 

amide bond. Remarkably, linear polyproline displays solvent-dependent secondary conformations, 

generating a right-handed helix in organic solvents such as ethanol or propanol, and a left-handed 

helix in aqueous solution.24 Using solid-phase synthesis, Crespo et al. prepared polyproline 

dendrimers using L-proline (11) as the building block and protected cis-4-amino-L-proline (13) as 

branching unit (Figure 1.7).25 Indeed, the polyproline dendrimers were also endowed with this 

conformational plasticity. When the dendrimers were moved from an organic media to an aqueous 

solution, the same conformational transition occurred, but at a faster rate.25 This feature can be 

harnessed as a conformational switch for potential functional materials to encapsulate and release 

guest molecules, for example as a drug vehicle. 
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Figure 1.7. Solid-phase synthesis of polyproline dendrimers using a combined divergent/convergent approach.25
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Later on, Reymond and co-workers pioneered the use of solid-phase synthesis to prepare 

peptide dendrimer libraries (Figure 1.8).26,27 For example, they inventively incorporated the 

catalytic triad serine-histidine-aspartate at variable positions while employing Fmoc-protected 3,5-

diaminobenzoic acid (19) as branching point to create dendritic motifs that mimic esterases 

(Figure 1.8A).26 In addition, they introduced cysteine within the dendrimer structure, allowing 

construction of larger dendrimers via disulfide bridges. They further generated peptide dendrimer 

libraries using a split-and-mix approach (Figure 1.8B).27 These peptide dendrimers contain eight 

variable amino acid positions spanning outwards along three continuous branching units made of 

L-2,3-diaminopropanoic acid (20). With four different amino acids per variable position, a 

combinatorial library of peptide dendrimers was constructed and then screened to search for 

artificial enzymes. In this way, effective aldolases were identified with enhanced activity through 

positive dendritic effects. The combinatorial construction of dendrimer libraries using a solid-

phase strategy has since provided versatile and rapid access to peptide dendrimers with both 

sequence and structural diversity useful in various biological applications such as enzyme mimicry, 

drug screening as well as drug and gene delivery.23,28 
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Figure 1.8. (A) Solid-phase synthesis of peptide dendrimer libraries;26 (B) Solid-phase synthesis 

of peptide dendrimer libraries using the split-and-mix approach.27 *AAn: amino acid residues; Cys: 

Cysteine. 

 

 

2.2. Carbohydrate dendrimers (glycodendrimers) 

 

Carbohydrate dendrimers, also named as glycodendrimers, are of particular interest for protein 

interaction and recognition by virtue of their glycomimetic properties, especially cooperative 

multivalency allowing their enhanced binding affinity to protein receptors. In 1993, Roy et al. 

applied solid-phase synthesis to construct the first glycodendrimer based on a polylysine peptide 

dendrimer (Figure 1.9).29 They decorated the periphery of the polylysine dendrimer with sialic 
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acid via a diglycine linker through thiolation (Figure 1.9, route A). More recently, they reported a 

highly efficient strategy to synthesize mannosylated dendrimers via click chemistry.30 In this 

process, they transformed the amine terminals of polylysine to azido functions, followed by copper 

catalyzed azide-alkyne cycloaddition with propargyl-α-D-mannopyranoside (26) (Figure 1.9, 

route B). 

 

 

Figure 1.9. Solid-phase synthesis of glyco-polylysine dendrimers via (A) thiolation and (B) click 

reaction.29,30 
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Most glycodendrimers have their peripheries decorated with carbohydrate units. However, 

those dendrimers have carbohydrate introduced into their core were also reported. Indeed, using a 

special safety-catch resin, Fernandez and co-workers introduced carbohydrate units such as 

glucose or even -cyclodextrin into the glycodendrimer core at the resin cleavage step (Figure 

1.10).31 To do this, the dendrimer-anchored linker was first activated using iodoacetonitrile (32) 

and then subjected to chemo-selective treatment with the carbohydrate-bearing amine nucleophile 

to deliver the core-substituted glycodendrimer (33) (Figure 1.10). This method offers a practical 

and convenient way to diversify the structure and chemistry of the glycodendrimer core. 
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Figure 1.10. Solid-phase synthesis of glycodendrimers using safety-catch resin for core 

diversification.31 
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nucleic acid dendrimer with the convergent strategy using the protected adenosine-2’,3’-O-

bis(phosphoramidite) (34) as focal point to link neighboring branches together (Figure 1.11A).32 

Although this method has successfully delivered nucleic acid dendrimers, the reaction steps must 

be carefully and stringently controlled, which means it is less suitable for synthesizing high-

generation dendrimers. 

Therefore, the divergent method (Figure 1.11B) was developed to overcome this limitation by 

implementing chemical synthesis of oligonucleotides in the 5’  3’ (“backward”) direction rather 

than the conventional 3’  5’ direction.33 To achieve this, the oligonucleotides were first 

assembled onto the surface of a controlled-pore glass based solid support with an automated DNA 

synthesizer, then the branching unit (34) was used in large excess to force branching construction 

to completion, followed by divergent growth to generate full-length dendrimers. These 

oligonucleotide dendrimers have potential applications in the selective modulation of gene 

expression. 
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Figure 1.11. Solid-phase synthesis of nucleotide dendrimers using (A) a convergent strategy32 and 

(B) a divergent strategy.33
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2.4. PAMAM dendrimers 

 

Poly(amidoamine) (PAMAM) dendrimers have been the most extensively investigated 

dendrimers since the seminal report in 1985.34 With a large number of amide functionalities in the 

interior and primary amine terminals on the surface, PAMAM dendrimers were originally devised 

and synthesized by Tomalia to mimic proteins.35 Since then, numerous PAMAM dendrimers with 

different core structures, branching units and terminal groups have been established with a myriad 

of applications ranging from sensors, light harvesters, dendritic supports and catalysts, to imaging 

agents, drugs and drug delivery.35-37 

The first solid-phase synthesis of PAMAM dendrimers was reported by Bradley and co-workers 

in 1997.18 They used a TentaGel™ resin-linker conjugate carrying a long and flexible polyethylene 

glycol (PEG) spacer, which was designed to make the reactive sites accessible to reagents while 

avoiding steric hindrance for the preparation of high-generation dendrimers in the solid-phase. The 

synthesis was carried out using an iterative two-reaction sequence consisting of Michael addition 

of the terminal amine to methyl acrylate (35) and subsequent amidation with diamine (37) (Figure 

1.12), similar to the traditional synthesis of PAMAM dendrimers in solution. Bradley further 

promoted the use of so-obtained supported dendrimers as super high-loading resins for solid-phase 

synthesis.19 This approach capitalizes on the multivalency of the dendrimers and the resulting 

increase in the number of reactive sites. For example, the above-mentioned PAMAM dendrimers 

anchored on TentaGel resin were used as super high-loading reagents for solid-phase synthesis to 

prepare peptides, amidines and aryl ethers etc.19



 

 

4
2

 

 

Figure 1.12. Solid-phase synthesis of PAMAM dendrimers via iterative Michael addition and amidation.18
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It should be mentioned that the synthetic protocol for PAMAM dendrimers, which consists of 

iterative Michael addition and amidation, unavoidably creates structural defects in the resulting 

dendrimers. These defects are similar to those identified in dendrimer synthesis in solution and 

include lost or broken branching arms, cyclized peripheral groups, and dimerized forms.38 To 

circumvent this problem, we developed a concise solid-phase synthesis for PAMAM dendrimers 

in 2013.39 We harnessed solid-phase peptide synthesis approach to enable PAMAM dendrimer 

synthesis via iterative amide bond formation by employing a construction unit (41) harboring both 

a carboxylic acid function and amine terminals along with a tertiary amine branching point (Figure 

1.13A). In contrast to the conventional 2-step iterative synthetic protocol for PAMAM synthesis, 

this synthetic protocol significantly shortened the reaction steps, and at the same time prevented 

the structural defects originating from Michael addition and amidation. This highly efficient 

protocol was carried out using a solid-phase peptide synthesizer, which enabled automatic 

dendrimer synthesis. Compared to conventional PAMAM dendrimers, these dendrimers have the 

amide bond linkage in the opposite direction (Figure 1.13B) as a result of the peptide synthesis 

chemistry. Therefore, these dendrimers are also referred as inverse PAMAM dendrimers. We will 

present this study in details in section 2. 
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Figure 1.13. Solid-phase synthesis of inverse PAMAM dendrimers using peptide synthesis 

chemistry.39
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2.5. Polyester dendrimers 

 

Polyester dendrimers containing ester backbones were first reported in the early 1990s.40 Later, 

Fréchet and co-workers explored the solid-phase synthesis of polyester dendrimers on a polymer 

resin.41 Their aim was to create stationary phases for HPLC-based chiral separation by capitalizing 

on the multivalent properties of the dendrimers to enhance the separation efficiency. The dendrimer 

construction mainly relied on isopropylidene-2,2-bis(methoxy)propionic anhydride (45) for ester 

bond formation, while an L-proline derivative (47) was appended to the dendrimer terminals to 

provide a chiral environment (Figure 1.14). The so-obtained supported dendrimer resins were 

successfully applied as chiral stationary phases for HPLC, enabling effective separation of 

enantiomers of amino acid derivatives. 

Among the various ester dendrimers, poly(aminoester) dendrimers have emerged as promising 

biodegradable and biocompatible materials for biomedical applications by virtue of the presence 

of numerous ester and amine functions.42 The ester backbones can be easily disassembled by 

enzymatic action or in acidic/basic conditions, imparting biodegradability. The numerous amine 

functionalities can serve as buffers to neutralize the acids generated from ester hydrolysis, hence 

providing a neutral and benign environment during and after dendrimer degradation. With the aim 

of developing Fe3O4 as a magnetic resonance imaging agent for biomedical applications, Li et al. 

enclosed Fe3O4 nanoparticles within a poly(aminoester) dendrimer shell. They used consecutive 

iteration of Michael addition and azide-alkyne Huisgen cycloaddition (Cu(I)-mediated click 

reaction) to construct poly(aminoester) dendrimers on the surface of Fe3O4 nanoparticles (Figure 

1.15). Their synthetic protocol was devoid of any protection/deprotection chemistry, providing the 

desired product in good yield.43
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Figure 1.14. Solid-phase synthesis of polyester dendrimer-bound polymer beads as a stationary phase for chiral HPLC separation.41
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Figure 1.15. Solid-phase synthesis of poly(amino)ester dendrimers to decorate Fe3O4 

nanoparticles as magnetic resonance imaging agents.43 

 

 

2.6. Polyurea dendrimers 

 

Polyurea dendrimers are a relatively new family of biocompatible dendrimers which harbor 

urea functionalities.44,45 In 2000, Bradley reported solid-phase synthesis of polyurea dendrimers 

using an AB3-type building block (60), which harbors an isocyanate moiety and three ester 

functions (Figure 1.16A).46 The synthesis started by anchoring the isocyanate unit onto the amine-

bearing solid support via the formation of urea, and followed with subsequent amidation of the 

terminal ester functions with propylenediamine (37). The resulting amine-terminated resin was 

then subjected to iterative reaction with the isocyanate-bearing construction unit (60) to generate 

the polyurea dendrimers (Figure 1.16A). 

It should be mentioned that amidation of the ester terminals of polyurea dendrimers with a 

diamine often generates intra-molecular cyclization, a side-reaction also observed during PAMAM 

dendrimer synthesis. In order to avoid this side-reaction, Bradley and co-workers devised new 

construction units (64) bearing protected amine terminals to replace the previous ester functions. 



 

 48 

In this way, they bypassed the amidation step, thereby preventing side-reactions while significantly 

shortening and simplifying the synthesis (Figure 1.16B).47
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Figure 1.16. Solid-phase synthesis of polyurea dendrimers via an iterative synthesis process consisting of (A) branching unit 

condensation and subsequent amidation;43 and (B) branching unit condensation and subsequent deprotection.47
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2.7. Polyether/polythioether dendrimers 

 

Compared with the PAMAM, polyester and polyurea dendrimers mentioned above, polyether 

dendrimers are expected to display better chemical inertness and stability by virtue of their ether 

linkage, which is much more robust and resistant to reductive, hydrolytic and nucleophilic 

reactions than amide, ester and urea functionalities. Bradley established the first solid-phase 

synthesis of polyether dendrimers based on a 3,5-bis(acetoxymethyl)phenol building block (68).48 

They used a two-step synthetic sequence composed of a Mitsunobu reaction and ester hydrolysis 

to successfully construct polyether dendrimers (Figure 1.17A). 

Later, Portnoy developed an improved strategy to synthesize polyether and poly(thioether) 

dendrimers. They replaced the Mitsunobu reaction with a nucleophilic substitution reaction using 

a thiol nucleophile generated in situ from hydrolysis of 71 (Figure 1.17B), which can be easily 

prepared from commercially available reagent.49 This new method avoided the Mitsunobu reaction, 

which requires expensive reagents with limited shelf-life. The polyether and polythioether 

dendrimers (74) bearing phosphine ligands were also prepared and complexed to Pd and Co 

precursors to create multivalent catalysts for cross-coupling reactions (Figure 1.17C).50 Indeed, 

these supported dendrimer catalysts significantly improved the selectivity and reactivity with a 

positive dendritic effect. 
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Figure 1.17. (A) Solid-phase synthesis of polyether dendrimers via an iterative synthesis process 

involving Mitsunobu coupling and ester hydrolysis;45 (B) Solid-phase synthesis of polythioether 

dendrimers using a chlorodehydroxylation-nucleophilic substitution reaction;49 (C) 

Polyether/polythioether dendrimer based supported catalysts for Heck and Suzuki reactions.50 

 

 

 

2.8. Triazine dendrimers 
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Triazine dendrimers (Figure 1.18), composed of 1,3,5-triazine rings, which are further 

connected with diamine units,51 were first outlined in the patent filed by Meijer et al in the 1990s. 

Since then, their potential for use in drug and gene delivery has been intensively investigated by 

Simanek and co-workers over the past two decades. Today, a variety of triazine dendrimers with 

different diamine linkers and surface functionalities has been established. Solid-supported triazine 

dendrimers (Figure 1.18A) have also been prepared to serve as supported reagents and devices. 

These supported dendrimer reagents can be endowed with multivalent properties yet easily 

recovered, regenerated and reused for applications such as scavenging agents and protein library 

screening.52  

The synthesis of triazine dendrimers is mainly based on nucleophilic aromatic substitutions of 

cyanuric chloride (76). By exploiting the different reactivity of the cyanuric chlorides towards 

amine nucleophiles, it is possible to obtain mono-, di- or tri-substituted triazines through the 

control of the temperature and reaction time (Figure 1.18B). This constitutes the chemistry 

foundation for the construction of triazine dendrimers. 

By taking advantages of the chemo-selective substitution of cyanuric chloride (76), we 

developed solid-phase synthesis to prepare a library of triazine dendrimers with various 

combinations of terminal functionalities originated from the cyclic secondary amines and the 

primary amines of amino acids (Figure 1.18C).53 We also established orthogonal staining methods 

using the Kaiser ninhydrin test and Alizarin R (AliR) to reveal, respectively, alkyl amines and aryl 

chlorides on the dendrimer terminals after each synthetic step. These staining methods allowed us 

to track the progress of the reactions and hence easily and efficiently control the dendrimer 

synthesis. 
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Figure 1.18. (A) Triazine dendrimers on solid support;52 (B) Temperature-dependent chemo-

selective reactivity of cyanuric chloride;51 (C) Solid-phase synthesis of triazine dendrimer libraries 

based on the chemo-selective reactivity of cyanuric chloride.53 
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3. Conclusions and perspectives 

 

In this section, we have highlighted the development and current state of solid-phase dendrimer 

synthesis. Most endeavors have been directed towards generating peptide and PAMAM 

dendrimers, as well as biologically relevant dendrimers of carbohydrates and oligonucleotides, and 

their related conjugates. Efforts have also been devoted to synthesizing polyester, 

polyether/polythioether, polyurea and triazine dendrimers, using various solid supports and diverse 

chemistry for dendrimer growth on and cleavage from the resin. 

Solid-phase dendrimer synthesis with its efficient synthesis, simple operation and purification 

as well as possibility for automation, offers not only highly efficient and effective synthesis of 

dendrimers but also a unique method to construct dendrimers on various solid supports to provide 

supported functional materials such as solid-support reagents, catalysts and devices etc.54 

Nevertheless, heterogeneity is the main drawback of solid-phase dendrimer synthesis. In addition, 

substrates anchored to a solid support may have limited access to the reagents due to issues related 

to immobilization, steric hindrance and size selectivity, which may slow down or even impede the 

reaction. As described in the example of PAMAM dendrimer synthesis by Bradley, using a solid 

support which bears a long and flexible PEG spacer may overcome this problem.18 It is important 

to note that even a few side-reactions with tiny by-products in each step can create a complex 

mixture of products and by-products at the end of a synthetic procedure. Chemists thus strive to 

find optimized chemical reactions involving the most appropriate building units, and use the 

convergent/divergent double strategy as well as click chemistry to construct dendrimers more 

efficiently and in fewer steps.55 Yet the optimization of solid-phase dendrimer synthesis is 

laborious and tedious. One remarkable reason is that it is seldom possible to track the reactions 

without cleaving the products from their solid supports. Consequently, easy and convenient online 

and non-destructive analytical methods, such as the solid-state NMR, IR and Raman spectroscopy 

which have been used in solid-phase peptide synthesis, would be extremely advantageous for 

dendrimer synthesis. 

Since their conception, dendrimers have been considered and appreciated as admirable 

chemical entities and functional materials, holding great promise for a wide range of applications 

by virtue of their unique structural properties and multivalent cooperativity.37 Three decades on, 

their characteristic multi-step synthesis still requires tremendous effort, which greatly handicaps 
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their development and limits their applications.36 Continuing improvements in solid-phase 

dendrimer synthesis, alongside solution-phase synthesis, are of high demand. We hope that these 

improvements will transform dendrimer synthesis and enable the creation of structurally diverse 

dendrimers as new molecular paradigms and functional materials in a wide range of applications, 

including energy production, environmental protection, health care, cosmetics etc. We expect that 

further research will deliver more efficient methods for advancing the synthesis of dendrimers, 

which can be explored and extended into the arenas of biomedical and materials science.
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Section 2. Solid-phase synthesis of inverse PAMAM dendrimers 

 

 

 

 

 

1. Background 

 

PAMAM dendrimer stands for Poly(AMidoAMine) dendrimer harbors repeating amide 

functionalities with tertiary amines as branching points (Figure 2.1), which was first reported by 

Tomalia and co-workers in 1985.1 PAMAM dendrimers have been the most widely studied 

dendrimers. PAMAM dendrimers exhibit excellent biocompatibility thanks to their peptide-mimic 

amide backbones alongside the numerous interior tertiary amine functions and surface primary 

amine terminals.2 Generous solubility in water, low cytotoxicity when bearing neutral terminal 

functionalities, and readily modifiable surface groups altogether make PAMAM dendrimers 

particularly interesting for biological applications.3 Consequently, PAMAM dendrimers has been 
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extensively studied as a platform for multivalent conjugates combining specific targeting,4-7 drug 

delivery,8-10 gene and nucleic acid delivery,11 as well as imaging agents,12-14 etc. 

 

 

 

Figure 2.1. The structure of classical G2 PAMAM dendrimer firstly reported by Tomalia et al. 

 

 

PAMAM dendrimer synthesis reported by Tomalia and co-workers involves an iterative two-

step process of Michael addition and amidation.1 The synthesis starts with an amine or a 

compounds with multiple amine functions such as ethylenediamine (EDA, 88), which undergo 

double Michael addition with methyl acrylate (35). The Michael addition proceeds generally fast 

with a good yield, resulting in the ester-terminating product. The resulting compound represents 

the so-called half generation of the PAMAM dendrimer (89 and 91) (Scheme 2.1). The second 

step of the synthesis is the amidation of the ester terminals using a large excess of ethylenediamine 

to build up the full generation PAMAM dendrimer (90). By repeating these two steps, dendrimers 
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with generations up to 10 could be obtained.15-17 

In addition to amidation, methylester in half generation PAMAM dendrimers can undergo 

hydrolysis to deliver the corresponding carboxylic acid. These functional terminals can be easily 

modified or derived to achieve further dendrimers with various other chemical entities such as 

alkyl chains, oligomers, polymers, peptides, proteins, drugs, and so on.2,16,18
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Scheme 2.1. General procedure for PAMAM dendrimer synthesis via two-repeating step of Michael addition and amidation.
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On the basis of the iterative synthesis using Michael addition and amidation for PAMAM 

dendrimers, a variety of structural defects can be resulted from various side-reactions including 

incomplete Michael addition, retro-Michael reaction, intramolecular cyclization and/or 

dimerization during amidation.19 Incomplete Michael reaction yields dendrimers with missing 

branching arms (Scheme 2.2, route I), whereas the close proximity of the terminal groups and the 

dendrimer molecules gives rise to intramolecular cyclization (Scheme 2.2, route II)16 and 

intermolecular dimerization (Scheme 2.2, route III) during amidation step.16 Also, retro-Michael 

reaction is a common problem at elevated temperatures (>60oC), although it can be reduced 

considerably at reaction temperature below 60oC (Scheme 2.2, route IV).16 As a consequence of 

the retro-Michael reaction, N-(2-aminoethyl) acryl amide chain is cleaved and a defective 

dendrimer with one missing branch is formed. The resulted defective dendrimer is able to undergo 

the further Michael addition with ethylenediamine to generate additional defective dendrimers. 

In the case of PAMAM dendrimers, the defects occur inevitably beyond generation 4 because 

of the crowded terminal groups. Very often, the defective dendrimers are difficult to separate from 

desired intact dendrimers because of their similar chemical compositions and physicochemical 

properties.19 
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Scheme 2.2. Possible side-reactions in PAMAM dendrimer growth through two-step procedure. 

 

 

To solve the problems encountered during dendrimer synthesis in solution, solid-phase 

synthesis (SPS) was proposed to prepare PAMAM dendrimers by making use of excess reagents 

to complete all reactions together with simple washing and filtration procedures for easy and 

convenient purification. As we mentioned in the introduction of solid-phase dendrimer synthesis 

(SPDS), Bradley et al. reported the first PAMAM dendrimer synthesis on solid supports using the 

two-step iterative synthetic procedure of amidation/Michael addition developed for solution 

synthesis.20 They achieved PAMAM dendrimer synthesis up to G4 on the solid support and 

promoted the obtained solid support harboring dendrimers as high-loading resins for further solid-

phase organic synthesis (SPOS). However, the defective dendrimers remained inevitably because 

of the implementation of the same chemistry issued from the solution-phase synthesis of PAMAM 

dendrimers. 

As the defective dendrimers on solid-phase synthesis are mainly originated from Michael and 
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retro-Michael reaction as well as amidation, it is therefore desirable if we can completely avoid 

Michael addition and amidation for PAMAM dendrimer synthesis. We therefore came out with the 

idea to construct PAMAM dendrimer via amide bond formation rather than the conventional 

synthesis composed of Michael addition and amidation. It is well-known that solid-phase peptide 

synthesis can deliver, via stepwise amide bond formation, peptides in high quality and large 

quantity, and most of peptide therapeutics in clinical use are prepared using solid-phase synthesis 

nowadays. Take into account of all these considerations, we wanted to establish a concise solid-

phase synthesis for PAMAM dendrimers by exploiting the solid-phase peptide synthesis 

chemistry,21 namely, making use of amide bond formation to construct PAMAM dendrimers 

(Scheme 2.3). To do it, a building block of AB2 type comprising a carboxylic acid terminal and 

two amine terminal moieties bridged via a tertiary amine function is require. Using the rationally 

designed building units, we were able to build up our dendrimers successfully up to generation 6 

via simple amide bond formation. By employing solid support with lower loading capacity, we 

could further achieve the effective synthesis of high generation dendrimer G7. It is to note that the 

amide functions in our dendrimers compared to classic PAMAM dendrimers were inverted in 

direction, we therefore refer the so-obtained dendrimers to “inverse PAMAM dendrimers”. 

Basically, the compositions of functionalities such as carboxylic acids, amides and amine terminals 

are similar to regular PAMAM dendrimers. Thus, we believe that these novel inverse PAMAM 

dendrimers can complement and enlarge the existing PAMAM dendrimer for the further 

applications. In this section, we will present our study and results related to the solid-phase 

synthesis of PAMAM dendrimers.
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Scheme 2.3. Comparisons of PAMAM dendrimer synthesis using (A) conventional two-step protocol and (B) amide bond formation.
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2. Molecular conception of inverse PAMAM dendrimers 

 

As we mentioned in the Background part, we would like to develop a novel solid-phase 

synthesis strategy for PAMAM dendrimers. This strategy can be accomplished using AB2 building 

units containing both carboxylic acid function and amine terminals for amide bond formation to 

construct the corresponding PAMAM dendrimers. We therefore devised two building units (41) 

and (92) (Figure 2.2), consisting of propylene and ethylene at the amine branching point 

respectively, for the construction of inverse PAMAM dendrimers (Scheme 2.4). 

 

 

 

Figure 2.2. Two building blocks, 41 and 92, consisting of propylene and ethylene at the amine 

branching point respectively.  

 

 

Before we had embarked on the synthesis, we first carried out computer modeling to compare 

the dendrimers constructed from the repeating unit of 41 and 92 in regards to the classical PAMAM 

dendrimer in the aspects of dendrimer shape and size, solvent accessible surface area and 

distribution of the terminal groups as a function of generation, because all these are important 

properties for biological applications, such as enzyme mimics, drug and drug delivery etc. In 

addition, the degree of surface congestion caused by the summation of the excluded volumes for 

the branching units might influence both the shape and the packing density of the surface.15 We 

therefore carried out the simulation calculation to estimate the volume and surface area of G3 

inverse PAMAM dendrimers [A] and [B] built respectively from the repeating unit of 41 and 92, 

in comparison to a classical G3 PAMAM dendrimer [C]. As an example, Table 2.1 shows the 

simulation results of their molecular structures viewed from three different axes. From these results, 

the inverse PAMAM dendrimer [A] resembles much more closely to the classic PAMAM 

dendrimers in molecular size and shape than the inverse PAMAM dendrimer [B], with [B] being 
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obviously smaller than [C] and deviated considerable in molecular shape from [C] as well. This 

was further confirmed by the data of their molecular volume and surface area obtained via 

simulation and listed in Table 2.2. Remarkably, inversed PAMAM dendrimer [A] possesses similar 

molecular volume and surface area as the classical PAMAM dendrimer [C]. Namely, the molecular 

volume and surface area of the inverse dendrimer [A] are 3421 Å3 and 1859 Å2, similar to those 

of a classical G3 PAMAM dendrimer [C], which are 3976 Å3 and 2084 Å2. In contrast, the inverse 

dendrimer [B] has the molecular volume of 2752 Å3 and surface area of 1613 Å2, which are 

considerably deviated from those of the classic dendrimer [C]. Consequently, we expect the 

properties such as solubility22 and site isolation effect23-25 in the dendrimers [A] to be similar to 

[C] owing to the comparable amounts of similar functional groups, including amide linkages, 

primary and tertiary amines within similar molecular volume and space. We therefore mainly 

focused our efforts on the synthesis of the dendrimers [A].
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Table 2.1. Simulation calculation results of G3 PAMAM dendrimers with three branching units 

viewed along three molecular axes. 

[A]  

G3 Inverse PAMAM 

[Propylene moiety] 

[B]  

G3 Inverse PAMAM 

[Ethylene moiety] 

[C]  

G3 Classic PAMAM 

 [Ethylene moiety] 
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Table 2.2. Volume and surface area of G3 inverse PAMAM dendrimers [A], [B] and G3 classic 

PAMAM dendrimer [C] with different branching moieties. 

 [A] [B] [C] 

Volume (Å3) 3421 2752 3976 

Surface area (Å2) 1859 1613 2084 
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Scheme 2.4. Synthetic plan for solid-phase synthesis of inverse PAMAM dendrimers using 

designed AB2 building blocks via amide bond formation. 
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3. Dendrimer synthesis 

 

3.1. Preparation and optimization of the building blocks 

 

For synthesizing the above designed inverse PAMAM dendrimers in solid-phase, we had need 

of the building units (92) and (41). We attempted to prepare 92 starting with the -alanine (100) 

and the protected 2-chloroethylamine (101). Unfortunately, we could not get the desired compound 

92, probably because of self-cyclization of 101. We then turned to prepare 41 by replacing 101 

with 102, which has a 1,3-propylenediamine moiety instead of ethylenediamine to minimize the 

self-cyclization (Scheme 2.5).26 The desired product 41 was obtained yet in a low yield of 40%, 

probably owing to the further alkylation of 41 with 102 to generate quaternary ammonium, as 

tertiary amine is often more reactive with alkyl halide than primary and secondary amines. 

 

 

Scheme 2.5. Alternative synthetic plan of building block (41).  

 

 

Since solid-phase synthesis employs a large excess of reagents to complete the reaction, we 

therefore need to develop an effective synthesis to prepare 41 in large quantity. Replacing the -

alanine (100) with the -alanine methyl ester (103), we could successfully obtain the 

corresponding product 104 in 86% yield (Scheme 2.6). Further hydrolysis of 104 delivered the 

building unit 41 in high yield. 
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Scheme 2.6. Synthesis of building block (41). 

 

 

We further optimized the synthesis of 104 using different solvents, bases, auxiliary agents, 

under different temperatures and with different reaction times (Table 2.3). Among the different 

bases used, N,N-diisopropylethylamine (DIPEA) and K2CO3 were superior to CsCO3 and 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU) for yielding the desired product. We selected K2CO3 

because of readily removal of inorganic base from the organic reaction mixture. The reaction 

temperature was also important: raising the reaction temperature increased the yield. We therefore 

set the reaction temperature at the boiling point of tetrahydrofuran (THF), as THF is the best 

solvent identified for this reaction. Addition of KI further promoted this synthesis through halide 

exchange reaction (Finkelstein reaction). To summarize, the best conditions are found to be 2.0 eq 

of KI , 4.0 eq of K2CO3, in THF at 65oC (Table 2.3, entry 12). Subsequent hydrolysis of 104 in 
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NaOH offered the desired building block 41 in 94% yield. As (41) containing both tertiary amine 

and carboxylic acid, it forms zwitterions.27 We therefore collected (41) by extracting it from the 

aqueous layer of the reaction media. Using the above optimized synthesis and purification 

procedure, we could scale up the preparation of both 104 and 41, yielding 41 in 20-gram scale and 

in pure form without compromising the high yield over 80% (Scheme 2.6). We also employed the 

similar protocol to prepare 92 but unfortunately it was not effective, probably also because of the 

self-cyclization of 101.
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Table 2.3. Optimizations for the preparation of building block (104). 

 

Entry Solvent Base Auxiliary 

agent 

Temperature 

(oC) 

Time (h) Yield 

(%) 

1 DCM TEA - rt 20 6 

2 DCM DIPEA - rt 20 10 

3 DCM K2CO3 KI rt 48 8 

4 THF TEA - rt 20 9 

5 THF DIPEA - rt 48 16 

6 THF DIPEA KI rt 20 25 

7 THF K2CO3 KI rt 20 27 

8 THF CsCO3 KI 65 20 10 

9 THF DIPEA KI 65 36 43 

10 THF DBU KI 65 48 10 

11 THF K2CO3 - 65 48 32 

12 THF K2CO3 KI 65 48 86 

13 THF DIPEA KI 65 48 70 

14 MeCN K2CO3 KI 65 48 35 

15 DMF K2CO3 KI 80 60 22 

16 THF K2CO3 TBAI 65 48 57 
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3.2. Solid-phase synthesis of inverse PAMAM dendrimers 

 

For our solid-phase synthesis, we opted for Kaiser oxime resin as the solid support because of 

its compatibility with the peptide synthesis strategy involving Boc chemistry. In addition, the final 

dendrimer cleavage from this resin can be easily accomplished under various basic and 

nucleophilic conditions. Nevertheless, the oxime ester linkage is susceptible to trifluoroacetic acid 

(TFA). Therefore, it is critical to employ an appropriate concentration of TFA for deprotection of 

the Boc groups of 41. We tried different conditions for deprotecting the Boc groups. Indeed, 

effective deprotection of the terminal N-Boc groups in 41 could be achieved with 33% TFA in 

dichloromethane (DCM) after 1 h of reaction at room temperature. 

To start the synthesis of inverse PAMAM dendrimers [A] (Scheme 2.7), 41 was first appended 

to Kaiser oxime resin using the benzotriazol-1-yl-oxytripyrrolidinophosphonium 

hexafluorophosphate (PyBOP) as the coupling agent, then acetic anhydride (Ac2O) was used to 

cap the remaining oxime functionalities on the resin followed by deprotection of the Boc groups 

with 33% TFA in DCM. 

For subsequent dendrimer synthesis, the amine-terminating resin (42) was further coupled with 

the building block (41) via amide bond formation with the aid of PyBOP and N-methylmorpholine 

(NMM), followed by deprotection of the terminal Boc groups in 33% TFA/DCM. Further 

dendrimer growth was achieved through the iterative coupling with 41 and subsequent 

deprotecition of the terminal Boc groups. All steps (except for the first coupling reaction with the 

oxime resin), including coupling reaction with 41, capping reaction with Ac2O as well as Boc 

deprotection in TFA, could be monitored using Kaiser ninhydrin test of the solid support.28 Upon 

reaching the desired generation, the final product was cleaved from the solid support using NaOH 

in dioxane, yielding the dendrimers with a carboxylic acid tail at the focal point. (Scheme 2.7).  
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Scheme 2.7. Solid-phase synthesis of inverse PAMAM dendrimers using building block (41). 

 

 

All the final dendrimers were collected using simple filtration without any additional 

purification process, and the yields for the G2 (106), G3 (107), G4 (44), G5 (105) and G6 (108) 

were 91%, 86%, 81%, 80% and 80%, respectively.29 Also to mention, this reaction procedure was 

able to proceed not only manually but also with an automatic solid-phase peptide synthesizer to 

deliver the G2 (106), G3 (107), G4 (44), G5 (105) and G6 (108) inverse PAMAM dendrimers, 

with excellent yields of 93%, 89%, 84%, 86% and 82% respectively. All the synthesized 

dendrimers were characterized using NMR, MALDI-TOF-MS and GPC with the polydispersity 

index (PDI) falling between 1.07 and 1.18 (Figure 2.3 and Table 2.4).  
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Figure 2.3. (A)-(E) MALDI-TOF-MS spectra; and (F) GPC traces of G2-G6 inverse PAMAM 

dendrimers. 
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Table 2.4. MALDI-TOF-MS results and PDI values of G2-G6 inverse PAMAM dendrimers. 

 

Inverse PAMAM 

dendrimer 

MALDI-TOF-MS 
PDI 

Calculated Observed 

106 (G2) 574.5 575.2 1.07 

107 (G3) 1315.1 1315.7 1.09 

44 (G4) 2796.3 2796.2 1.10 

105 (G5) 5782.7 5782.4 1.18 

108 (G6) 11687.65 11688.42 1.17 

 

 

3.3. High generation dendrimer synthesis 

 

Although we successfully synthesized the inverse PAMAM dendrimers G2-G6 on solid support 

using peptide synthesis strategy, we failed to achieve the synthesis of the G7 inverse PAMAM 

dendrimer even if we prolonged the coupling reaction time and increased the excess equivalents 

of the building unit (41). The unsuccessful synthesis of the G7 inverse PAMAM dendrimer can be 

mainly ascribed to the steric hindrance between the neighboring molecules on the same resin 

and/or the interaction between neighboring branches within the same dendrimer, which generate 

site-site interaction or steric repulsion to impede further reactions for dendrimer growth (Figure 

2.4). In addition, the sterically hindered dendrimer terminal branches often have tendency for back-

folding, which may burry the terminal reactive functional groups within dendrimers and limit its 

access to react with building units. Consequently, considerably defective dendrimers will be 

generated due to the incomplete reactions, requiring hence tedious purification procedures, which 

are often of limited efficiency for high generation dendrimers.  
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Figure 2.4. Resin with lower loading capacity is able to decrease steric congestion when 

synthesizing higher generation dendrimers. 

 

 

In order to release the steric hindrance between the neighboring molecules within the same 

resin, it is necessary to enlarge the space/distance among the neighboring molecules, which can be 

achieved via reducing the resin loading. Resin loading capacity refers to the number of reactive 

sites on the resin. It strongly affects the preparation efficiency of high generation dendrimers in 

solid-phase synthesis. Decreasing resin loading means more space among reactive sites, thereby 

enlarging distance between two neighboring molecules and reducing site-site interaction or steric 

hindrance for high generation dendrimer synthesis. We therefore reduced the loading ratio to 50% 

of the resin capacity using Ac2O to cap the oxime groups. Using the so-obtained resin with half 

loading capacity, we finally secured the G7 inverse PAMAM dendrimer (109) in 80% yield 

following the synthetic protocol which we developed for G2-G6. GPC analysis indicates that the 

PDI of the final product through reducing loading ratio fell to 1.18 compare to 1.37 of the product 

obtained using full-loaded resin (Figure 2.5). Further MS analysis showed unambiguously the 

effective synthesis of the G7 inverse PAMAM dendrimer with a clear-cut and clean molecular 

weight signal when using the half-loaded resin, whereas the G7 inverse PAMAM dendrimer 

obtained using full-loaded resin was associated with many impurities or defected dendrimers 

(Figure 2.6). Similarly, using the resin with 50% loading ratio, the G6 inverse PAMAM dendrimer 

was obtained in higher yield of 85% and narrower polydispersity as compare to the product 

obtained from full-loading resin. Presumably, the increasing steric hindrance among the high 

generation dendrimers within the same resin will interact and impact each other, hence greatly 

impeding the reaction with the following building blocks. Notably, reducing the loading ratio of 

the solid support constitutes an effective means to generate dendrimer products of highly purity 

(Figure 2.5 and Figure 2.6). 
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Figure 2.5. GPC traces of the solid-phase synthesized G7 inverse PAMAM dendrimers (109) using 

full- and 50%-loaded resin. 
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Figure 2.6. MALDI-TOF-MS traces of solid-phase synthesized (A) the G7 PAMAM dendrimer 

(109) and (B) the G6 PAMAM dendrimer (108) using full- and 50%-loaded resin. 

 

 

 

 

 

 

 

 



 

 85 

4. Summary 

 

In order to overcome the limitation associated with PAMAM dendrimer synthesis using 

traditional iterative steps of Michael addition and amidation, we established a novel and 

convenient approach for the solid-phase synthesis of inverse PAMAM dendrimers via amide bond 

formation using peptide solid-phase synthesis. In this approach, an AB2 type building block (41) 

harboring both a carboxylic acid and amine functionalities along with the tertiary amine branching 

as focal points was designed and elaborated for dendrimer synthesis. The dendrimer synthesis 

starts first with the coupling of the building block (41) to Kaiser oxime resin, followed by iterative 

steps of deprotection using TFA and amide bond formation with 41. By employing this 

methodology, inverse PAMAM dendrimers were obtained with high yields using either manual 

syntheses or a standard solid-phase peptide synthesizer. In addition, reducing the loading ratio of 

resin allowed effective synthesis of the high generation dendrimers of G6 and G7, suggesting that 

the steric hindrance among neighboring molecules on solid support may constitute the major 

obstacle in solid-phase synthesis of high generation dendrimers. 

This synthetic approach is based on amide bond formation, the essential of peptide synthesis, 

hence precluding effectively the formation of side-products that are typically associated with the 

Michael addition and amidation in the conventional synthesis of PAMAM dendrimers. Also, this 

method can avoid the use of large excess of reagents and tedious isolation procedures. This solid-

phase approach has set the stage as a concise manner to synthesize inverse PAMAM dendrimers, 

which may further expand the applications in biological and materials sciences. 
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5. Experimental Section 

 

General 
 

Kaiser oxime resin was obtained from Merck and AK Scientific Inc. The other chemicals, 

solvents, and reagents were obtained from Acros, Aldrich and TCI, and used without further 

purification. Mass spectra were acquired on either an Agilent ESI-MS-TOF and MALDI-MS-TOF 

(positive mode electrospray) mass spectrometer instruments as indicated. NMR spectra were 

obtained on a Varian 400MHz spectrometer. High-performance liquid chromatography (HPLC) 

and gel permeation chromatography (GPC) experiments were performed using an Agilent HPLC 

system (1100 series). 

 

 

General MALDI-TOF-MS protocol 

 

A dendrimer solution was prepared by dissolving 1 mg of each final product in 1 ml of MeOH. 

Additionally, a 1:10 dilution of this solution was made. The matrix solution was prepared by 

dissolving 10 mg of the matrix in 1 ml of MeOH. The analytical sample was prepared by mixing 

the dendrimer solution (0.5 μl) with the matrix solution (0.5 μl) on a stainless steel probe tip, and 

this mixture was allowed to dry at room temperature. MALDI-TOF MS system (model Autoflex 

III Smartbeam) equipped with a 355 nm Nd: YAG laser was purchased from Bruker Daltonics 

(Billerica, MA, USA). Mass spectra were acquired in positive ion reflector mode for the summing 

of 600 laser shots and data were processed by FlexAnalysis software (Bruker Daltonics). 
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Preparation of building block (41) 

 

Synthesis of 103 

 

 

 

To a solution of -alanine (100) (2.02 g, 22.45 mmol) in methanol (MeOH), was added thionyl 

chloride (SOCl2) (2.50 mL, 34.04 mmol, 1.5 eq) slowly and the reaction mixture was stirred at 0 

oC to rt under N2 for 12 h. The solvent was then evaporated under reduced pressure. The crude 

product was purified by precipitation with DCM/ether at 4 oC three times. The precipitate was 

collected, washed with ether and dried under high vacuum, giving the corresponding final product 

103 as a white solid (2.95 g, 94 %). 1H NMR (400 MHz, D2O) δ 2.71 (t, J = 8.0 Hz, 2H), 3.19 (t, 

J = 8.0 Hz, 2H), 3.65 (s, 3H); 13C NMR (100 MHz, D2O) δ 31.10, 35.13, 52.67, 173.21; HRMS 

(FAB): calcd for C4H9NO2 [M]+ 103.0633; found at m/z 103.0630. 

 

 

Synthesis of 102 

 

 

 

To a solution of 110 (2.05 g, 9.36 mmol) in DCM under N2, was added triethylamine (TEA) 

(5.2 mL, 37.45 mmol, 4.0 eq). The reaction mixture was stirred at rt for 30 min until the starting 

material 110 dissolved completely. To the resulting solution was added di-tert-butyl-dicarbonate 

(Boc2O) (2.58 mL, 11.24 mmol, 1.2 eq) and the reaction mixture was stirred at rt under N2 for 12 

h. Then the solvent was evaporated under reduced pressure. The obtained residue was dissolved in 

EA (15.0 mL) and washed with H2O (10.0 mL) for three times. The organic layer was dried with 
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MgSO4, filtered and concentrated. The crude product was purified by column chromatography on 

silica gel with EA/hexane = 1/3 (Rf = 0.5), giving the corresponding final product 102 as a colorless 

oil (2.13 g, 98%). 1H NMR (400 MHz, CDCl3) δ 1.43 (s, 9H), 2.04 (tt, J = 8.0, 4.0 Hz, 2H), 3.26 

(br, 2H), 3.43 (t, J = 8.0 Hz, 2H), 4.67 (br, 1H); 13H NMR (100 MHz, CDCl3) δ 27.24, 28.29, 30.76, 

32.77, 38.88, 156.03; HRMS (FAB): calcd for C8H16BrNO2 [M]+ 237.0364; found at m/z 237.0360. 

 

 

Synthesis of 41 
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To the solution of 103 (4.01 g, 16.92 mmol) in THF was added KI (2.80 g, 16.86 mmol, 1 eq). 

The reaction mixture was stirred at rt under N2 for 30 min, then heating to 65oC. To the resulting 

solution was added compound 102 (1.21 g, 8.61 mmol, 0.5 eq) and K2CO3 (4.68 g, 33.86 mmol, 2 

eq). The reaction mixture was stirred at 65 oC under N2 for 48 h. Then the resulting solution with 

precipitate was filtered and the filtrate was concentrated under reduced pressure. The obtained 

residue was partitioned between DCM and H2O. The organic layer was dried with MgSO4, filtrated 

and concentrated. The crude product was purified by column chromatography on silica gel with 

EA/hexane = 3/1, DCM/MeOH = 20/1 (Rf = 0.3; DCM/MeOH = 20/1), giving the corresponding 

final product 104 as a brownish oil (2.54 g, 86%). 1H NMR (400 MHz, CDCl3) δ 1.42 (s, 18H), 

1.64 (m, 4H), 2.47 (m, 6H), 2.75 (m, 2H), 3.14 (m, 4H), 3.67 (s, 3H), 5.16 (br, 2H); 13C NMR (100 

MHz, CDCl3) δ 26.74, 28.21, 32.05, 38.76, 49.17, 51.31, 51.39, 78.51, 155.86, 172.88. HRMS 

(FAB): calcd for C20H39N3O6 [M]+ 417.2839; found at m/z 417.2840. 

 

 

Hydrolysis of 104 to obtain 41 

 

To the solution of 104 (2.54. g, 6.09 mmol) in EtOH (Rf = 0.3; DCM/MeOH = 20/1) was added 

1 N NaOH(aq) until the pH equal to 12. After being stirred at rt for 30 min, the resulting solution 

was added with 1N HCl(aq) until the pH of solution equal to 3 and stirred at rt for additional 30 min. 

(Rf = 0.1; DCM/MeOH = 10/1) The resulting solution was concentrated under reduced pressure to 

remove EtOH. The resulting solution was partitioned between DCM and H2O. The aqueous layer 

was concentrated in vacuum to give yellowish oil with white solid. The mixture was dissolved in 

EtOH and stand for 30 min. After filtration to remove the residues, the filtrate was concentrated 

under reduced pressure and dried under high vacuum, giving the corresponding final product 41 

as a yellowish solid (2.31 g, 94%). 1H NMR (400 MHz, DMSO) δ 1.37 (s, 18H), 1.61 (tt, J = 8.0, 

4.0 Hz, 4H), 2.50 (m, 2H) 2.65 (t, J = 8.0 Hz, 4H), 2.87-2.96 (m, 6H), 6.86 (br, 2H); 13C NMR 

(100 MHz, DMSO) δ 25.23, 28.26, 30.00, 37.70, 48.43, 50.08, 77.55, 155.61, 172.82; HRMS 

(FAB): calcd for C19H37N3O6 [M]+ 403.2682; found at m/z 403.2682. 
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General procedure of solid-phase synthesis 

 

The suspension of Kaiser oxime resin (0.22 g, 0.2 mmol) in RV bottle was added DMF/DCM 

(10/1, v/v) under N2 and bubbled with N2 overnight. After removal of DMF, the following resin in 

RV bottle was added the solution of 41 (2 eq) in DMF, PyBOP (2 eq) and 0.4 M N-

methylmorpholine (NMM). The following mixture was bubbled with N2 for 8 h (for the first 

introduction of 41) or 4 h (for rest of introduction of 41). After reaction, the solvent was removed 

and the resulting mixture was washed with DMF three times. As the dendrimer generation 

increased, the amount of reagents used was doubled. To the resulting solution was added acetic 

anhydride in DMF (100μL, 10% v/v solution). After washed with DMF three times, the reaction 

mixture was added was trifluoroacetic acid (TFA) in DCM (30 %, 10 mL) for deprotection. After 

1 h of reaction, the solution was removed and the mixture was washed with DCM and DMF three 

times. 

 

 

General procedure of 50% loading capacity for G6 and G7 inverse PAMAM 

dendrimers (108 and 109) 

 

The suspension of oxime resin (0.22 g, 0.2 mmol) in RV bottle was added 5 mL of DMF/DCM 

(10/1, v/v) under N2 and bubbled with N2 overnight. After removal of DMF, the following resin in 

RV bottle was added the solution of 41 (0.5 eq), PyBOP (0.5 eq) and 0.4 M N-methylmorpholine 

(NMM) in DMF. The following mixture was bubbled with N2 for 8 h. After reaction, the solvent 

was removed and the resulting mixture was washed with DMF three times. To the resulting 

solution was added acetic anhydride in DMF (100μL, 10% v/v solution). Then the later dendrimer 

growth was following the general procedure of SPDS. 
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Cleavage from Resin 
 

The reaction mixture was added 1N NaOH/dioxane = 1/3 (v/v, 20 mL/mmol) and shaked from 

0 oC to rt for 30 min. After filtration, the filtrate was neutralized with 0.5 N HCl to pH 7 from 0 oC 

to rt. The following solid was washed with MeOH and DCM to give desire product. 

 

 

(G:2)-dendri-inversePAMAM-(NH2)4 (G2, 106) 

 

 

 

93 %. 1H NMR (400 MHz, CD3OD) δ 1.84 (m, 12H), 2.56 (m, 6H), 3.00 (m, 12H), 3.07 (t, J = 6.6 

Hz, 6H), 3.16 (t, J = 6.4 Hz, 12H); MS (MALDI-TOF, matrix: 2,5-dihydroxybenzoic acid 

(DHB)/fucose = 10/1) calcd for C28H60N9O4 [M+H]+ 574.5; found at m/z 575.2. PDI = 1.07. 
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(G:3)-dendri-inversePAMAM-(NH2)8 (G3, 107) 

 

 

 

89 %. 1H NMR (400 MHz, CD3OD) δ 1.84 (dt, J = 13.6, 6.7 Hz, 28H), 2.62 (m, 14H), 3.00 (dd, J 

= 9.8, 5.2 Hz, 28H), 3.09 (t, J = 6.6 Hz, 14H), 3.16 (t, J = 6.5 Hz, 28H); MS (MALDI-TOF, matrix: 

DHB/fucose=10/1) calcd for C64H135N21O8 [M+H]+ 1315.1; found at m/z 1315.7. PDI = 1.09. 



 

 93 

(G:4)-dendri-inversePAMAM-(NH2)16 (G4, 44) 

 

 

 

 

84 %. 1H NMR (400 MHz, CD3OD) δ 1.91 (m, 60H), 2.57 (m, 60H), 3.15 (m, 62H), 3.59 (m, 28H), 

3.70 (m, 30H); MS (MALDI-TOF, matrix: DHB/fucose = 10/1) calcd for C136H289N45O16 [M+H]+ 

2796.3; found at m/z 2796.2. PDI = 1.10. 
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(G:5)-dendri-inversePAMAM-(NH2)32 (G5, 105) 

 

 

 

 

86 %. 1H NMR (400 MHz, CD3OD) δ 1.91 (m, 124H), 2.64 (m, 124H), 3.17 (m, 126H), 3.59 (m, 

60H), 3.70 (m, 60H); MS (MALDI-TOF, matrix: DHB/fucose = 10/1) calcd for C279H590N93O32Na 

[M+Na]+ 5782.7; found at m/z 5782.4. PDI = 1.18. 
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(G:6)-dendri-inversePAMAM-(NH2)64 (G6, 108) 

 

 

 

 

85 %. 1H NMR (400 MHz, CD3OD) δ 1.73-1.91(m, 22H), 2.29-2.40 (br, 230H), 2.54 (t, J = 8.0 

Hz, 24H), 2.60 (br, 106H), 2.69 (t, J = 8.0 Hz, 20H), 2.81 (br, 228H), 2.90-3.14 (m, 154H), 3.27 

(br, 98H), 3.35-3.50 (m, 126H); MS (MALDI-TOF, matrix: DHB/fucose = 10/1) cacld. for 

C567H1200N189O64 [M+H]+ 11688.6; found at m/z 11691.8. PDI = 1.17. 
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(G:7)-dendri-inversePAMAM-(NH2)128 (G7, 109) 

 

 

 

 

80 %. 1H NMR (400 MHz, CD3OD) δ 1.81 (tt, J = 6.0, 6.4 Hz, 42H), 2.15-2.22 (m, 120H), 2.32 

(t, J = 6.4 Hz, 24H), 2.43 (br, 346H), 2.55 (t, J = 6.4 Hz, 72H), 2.62 (br, 208H), 2.69 (t, J = 6.4 Hz, 

46H), 2.82 (br, 412H), 2.97-3.08 (m, 310H), 3.29 (br, 136H), 3.45 (br, 148H), 3.54 (t, J = 5.2 Hz, 

106H); MS (MALDI-TOF, matrix: DHB/fucose = 10/1) cacld. for C1143H2415N381O128 [M]+ 

23532.4; found at m/z 23526.3. PDI = 1.18. 
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Gel permeation chromatography (GPC) 
 

For analytic GPC of the dendrimers, a TSK-GEL G2000SW column (7.5x300 mm) was used 

with 90% MeOH and 10% water with 0.1% TFA (flow rate= 0.4 mL/min). UV detection was 

performed at 220 nm. These experiments were conducted at 25oC at a flow rate of 1.5 mL/min 

with PB buffer (10mM, pH 5.0) as eluent and detected at 220 nm. Polysaccharide standards with 

molecular weight range from 590 to 200,000 were used for dendrimer calibration. The GPC traces 

of inverse PAMAM dendrimers were followed with the figures that 106 (G2) (3.935 min; PDI= 

1.07), 107 (G3) (3.828 min; PDI= 1.09), 44 (G4) (3.737 min; PDI= 1.10), 105 (G5) (3.706 min; 

PDI= 1.18), 108 (G6) (3.682 min; PDI= 1.17) and 109 (G7) (3.672 min; PDI= 1.18) are discovered. 
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Section 3. Construction of triazine dendrimers and its 

focused library 

 

 

 

 

1. Background 

 

1.1. Triazine dendrimers 

 

Triazine dendrimers refers to the dendritic architectures incorporated triazine rings as the focal 

and branching points. Triazine dendrimers was first outlined in the patent filed by Meijer et al. in 

the 1990s.1 Since then, accounts of triazine dendrimers have been synthesized for various 
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applications. Applications of triazine dendrimers can be characterized into several categories; 

molecular recognition and supramolecular self-assembly,2-5 environmental remediation by 

attachment of triazine dendrons to solid supports6-9 and biomedical applications.10-16 

The characteristic entities of triazine dendrimer are triazine units, which are six-membered 

aromatic heterocycles composed of three carbon and three nitrogen atoms. The 1,3,5-triazine (111) 

is the most extensively studied isomer, giving symmetrical molecule among with the other two 

isomers, 1,2,3-triazine (112) and 1,2,4-triazine (113) (Figure 3.1). Triazines recognize other 

molecules by hydrogen bonds, metal chelation, and π-π interactions. This opportunity has enabled 

various supramolecular structures to be prepared on the basis of hydrogen bonding interactions to 

form ribbons and other types of interesting oligomers and polymers.2-4 Another interest is the use 

of triazine dendrimers to modify silica surfaces or polystyrene supports for various purposes such 

as insoluble scavengers for removal of excess nucleophilic or electrophilic reagents from the 

reaction mixtures.6-9 

 

 

Figure 3.1. Triazine isomers: 1,3,5-triazine (109), 1,2,3-triazine (110) and 1,2,4-triazine (111). 

 

 

Biologically relevant applications of triazine dendrimers have been a major focus with most 

investigations for drug delivery systems.10-16 A significant advance in the application has been the 

preparation of triazine dendrimers that present disulfide linkages at the periphery for modulable 

and responsive drug delivery.12,14 Triazine dendrimers have also been displayed antiviral activity17 

and a potential resin-bound antibiotic for single-bead screening.11 
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1.2. Synthesis of triazine dendrimers 

 

Triazine dendrimer synthesis was mainly based on the characteristic chemistry of cyanuric 

chloride (76). Together with cyanuric acid (114) and melamine (115), cyanuric chloride is one of 

the most commonly used triazine derivatives (Figure 3.2).18 Cyanuric chloride (76) is highly 

reactive and can be used in many organic transformations, such as serving as reagent for 

chlorination of alcohols/carboxylic acids to alkyl chlorides/acid chlorides19 and dehydration of 

amides to nitriles/imines20 as well as undergoing nucleophilic aromatic substitution (SNAr). In 

particular, the three chlorides in 76 have differential reactivity for substitution reactions with 

nucleophiles during SNAr, which can be achieved with temperature-dependent selectivity. Usually, 

the first substitution occurs at low temperatures (0 oC), the second substitution at approximately 

room temperature, and the third one at elevated temperatures (70-100 oC) (Figure 3.3A). This 

property allows sequential substitution of the three chlorides on the same triazine unit using 

various nucleophiles at different temperatures, providing a vast array of possible triazine 

derivatives and applications.21,22 

 

 

Figure 3.2. 1,3,5-triazine derivatives: cyanuric chloride (76), cyanuric acid (114) and melamine 

(115). 
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Figure 3.3. (A) Chemoselective reactivity of cyanuric chloride (76) depending on reaction 

temperatures; (B) Relative reactivity of various amines toward a monochlorotriazine; (C) Linkers 

containing two different reactive sites (Red: more reactive; blue: less reactive). 

 

 

The unique reactive feature of 76 as substrate for SNAr towards a wide variety of amine 

nucleophiles makes an ideal building unit for constructing triazine dendrimers (Figure 3.3).21 The 

choice of diamines (Figure 3.3C, 81, 116-119) used to link the triazine units into dendrimers is a 

critical issue. Differences in amine reactivity enable further control over the generalized reactivity 

that allow more efficient and reliable syntheses of dendrimers. (Figure 3.3B). Triazine dendrimers 

synthesized from 76 by nucleophilic aromatic substitutions were first published in 2000 by the 

Simanek group.23 Other groups have since reported triazine dendrimers and this subject has been 

reviewed by Steffensen et al.21 Until now, a variety of triazine dendrimers with different diamine 

linkers and surface functionalities has been established.10,22-28 
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Besides the solution-phase synthesis, 21 solid-phase approach for triazine dendrimer synthesis 

has also been explored using a series of insoluble supports, including silica,7 nanoporous alumina9 

and polystyrene.29-31 For example, Acosta et al reported the divergent synthesis on SBA-15 

mesoporous silica to afford up to fourth-generation triazine dendrons, forming organic-inorganic 

hybrids that were extensively characterized. Also the convergent assembly of triazine dendrons in 

solution followed by focal point attachment onto silica gel was explored and compared with the 

divergent solid-phase synthesis.7 These comparative studies showed that convergent method was 

able to produce well-defined dendritic structures but unfortunately not applicable to reach large 

dendrimers due to the steric hindrance.  

Also, the trizaine dendrimers synthesized and attached on solid-phase can serve as supported 

materials for the separation of organics in an aqueous solution or gas streams.32,33 Supported 

triazine dendrimers can served as scavengers for organic synthesis. Marsh et al. reported 

polystyrene-supported triazine dendrimers with amine terminals as insoluble scavengers to remove 

the excess of electrophiles.34 They also prepared triazine dendrimers on various solid supports 

including polystyrene resin, SynPhaseTM Lanterns and silica gel35 as supported reagents, which 

can be endowed with multivalent properties yet easily recovered, regenerated and reused for 

environmentally friendly applications such as proton scavenger and protein library screening.34 

Although triazine dendrimer synthesis can be scale up to kilogram quantity in solution 

synthesis,36 the main impedance of triazine dendrimers for their applications still consist of the 

consuming preparation and purification, hence the lack of high quality dendrimers. The reported 

solid-phase synthesis of triazine dendrimers has limitation of constructing higher generation 

products and limited chemical diversity. In my PhD thesis, we would like to develop effective 

strategy which can (i) successfully synthesize triazine dendrimers on solid-phase, (ii) rapidly 

diversify interior and peripheral functionalities, and (iii) accomplish these steps with high fidelity. 
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2. Results and discussion 

 

2.1. Triazine dendrimer synthesis 

 

To realize solid-phase approach for triazine dendrimer synthesis, we used cyanuric chloride 

(76) as the triazine building unit because of its unique reactivity as mentioned in the introduction. 

We also chose the diamine 4-aminomethylpiperidine (4-AMP, 81) as linking unit by virtue of its 

distinct reactivity between the constrained secondary amine and the primary amine, which differ 

by a factor of 20:1 in nucleophilic substitution.37,38 In addition, this short, rigid linker was 

inexpensive and was less likely to undergo cross-linking with chlorides to form cycled defects. 

We first attempted Wang-amide resin for solid-phase synthesis of triazine dendrimers. However, 

the use of Wang-amide resin gave rise to a by-product with an additional p-hydroxybenzyl group 

at the cleavage step, which corresponds to linker cleavage at the phenolic position instead of the 

usual benzylic position (Figure 3.4). The cleavage products were confirmed with MS analysis and 

were difficult to separate to obtain the desired product. We then turned to use the Rink-amide resin 

as a solid support for triazine dendrimer synthesis. 

 

Figure 3.4. Two products bearing the amine and benzyl groups from Wang‐amide resin cleavage. 
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Scheme 3.1. Solid-phase synthesis of triazine dendrimers incorporating cyanuric chloride (76) and 4-AMP (81). 
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Scheme 3.1 illustrates the solid-phase strategy to build up triazine dendrimers with the iterative 

synthetic sequence composed of reaction with cyanuric chloride (76) and reaction with 4-AMP 

(81). The reaction of 76 with amines was optimized and involved the use of a two-fold excess of 

76 relatives to the available terminal amine. A washing procedure with THF/MeOH was performed 

after each reaction and before repeating the cycle. The reaction progress was monitored using 

colorimetric tests. After accomplishing the synthesis, dendrimers were cleaved from the resin to 

afford triazine dendrimers (120), (123), (125), (83). Since NMR analysis was not informative 

because of the repeated chemical structures, MS spectral analysis was applied to characterized 

triazine dendrimers (Figure 3.5). However, only amine-terminated triazine dendrimers could be 

studied using MS, whereas the chlorinated triazine dendrimers were unstable under the MS spectra 

conditions, leading to the hydrolytic product and other unidentified products (Figure 3.6). 

 

 

 

Figure 3.5. MALDI-TOF-MS spectra of triazine dendrimers 120(G0), 123(G1), 125(G2) and 

83(G3).  
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Figure 3.6. MS traces of chlorinated intermediate dendrimer (G1.5) with hydrolytic products. 

 

 

2.2. Orthogonal staining methods for monitoring solid-phase reactions 

 

An efficient and accurate method to track the reactions is crucial for ensuring the effective 

accomplishment of solid-phase synthesis. Among various methods proposed for monitoring solid-

phase synthesis, colorimetric staining methods belongs to one of the easiest implemented approach 

yet being the most economical, hence the most frequently used in the practice.39 

In the course of triazine dendrimer synthesis, the presence of chloride or amine terminal groups 

on the dendrimer surface constitutes the most significant characteristics for monitoring the 

dendrimer growth. Ninhydrin (127) is well-known for detecting the amine functionalities with its 

characteristic violent color,40 and can be used for monitoring the steps of amine nucleophile 

conjugation in the synthesis of triazine dendrimers. Meanwhile, Alizarin R (AliR, 128) can be 

employed to detect the presence of chloride substituent on the triazine during the progress of a 

nucleophilic reaction with chlorotriazine (Figure 3.7A). By adopting Taddei’s procedure,41 resin 
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beads harboring triazine chloride entities were mixed with AliR (128) solution in NMM/DMF 

followed by incubation for 5 min. The resulting resin appeared red in the presence of triazine 

chloride (Figure 3.7B). Accordingly, during solid-phase synthesis of triazine dendrimers, each step 

can be closely monitored using colorimetric assays based on Alizarin R (AliR, 128) and ninhydrin 

(127) respectively. For example, using cyanuric acid to fully conjugate with all the dendrimer 

amine terminals should give a positive response in the AliR test but a negative result for the Kaiser 

test upon reaction completion, whereas using 81 to fully displace all the dendrimer chloride 

terminals will generate a positive result with Kaiser test but a negative response with the AliR test. 

 

 

 

Figure 3.7. (A) Ninhydrin test; (B) AliR test; (C) Colorimetric results of the ninhydrin (127) and 

AliR (128) staining. 
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2.3. The construction of a focused library with four combinations of terminals  

 

As the principle-demonstration model, we intended to create a small library of triazine 

dendrimers bearing various peripheral groups using SPDS. To do this, we started with the above 

synthesized supported triazine dendrimer 126. Elaborating 126 into a small library of compounds 

relied on its conversion and the subsequent reactions with nucleophiles. 126 was reacted with the 

first nucleophile HX (81, 129, 130 and 131) to displace one of the two chlorides and generate a 

library of dendrimers with terminal triazine units bearing one chloride; these dendrimers were 

further reacted with the second nucleophile HY (81 and 129) to fully displace the chloride and 

provide the dendrimers bearing combinatorial amino acid terminals composed of g and h, and the 

cyclic amine terminals composed of e and f. Dendrimers with peripheral amino acids were 

considered as potential compounds for biomedical applications.42  
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Scheme 3.2. The construction of triazine dendrimers 83-86 with four combinations of terminals 

starting from 126 (G2.5).
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MALDI-TOF-MS confirmed the successful dendrimer synthesis and remained as a useful 

means to monitor the reaction progress. During the reaction of 132 with 129, the mass spectra 

acquired after 12 h displayed signals corresponding to the desired product with eight substitutions 

of HEEP (129) and also the intermediate with only six substitutions (Figure 3.8). This finding 

indicated that the dendrimer growth reaction was not fully completed and longer reaction time was 

necessary. After another 12 h, only the signal corresponding to the fully substituted compound was 

observed, highlighting the completed reaction. Similarly, conversion into 84 yielded a single line 

corresponding to the product. Integration of the 1H NMR spectrum confirmed the desired 

stoichiometry of the surface groups. 
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Figure 3.8. MALSI-TOF-MS tracking: (A) Intermediate of 84 after 12h reaction; (B) Desired disubstituted product of 84 after 24 h 

reaction.
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It is to note that the secondary amine functionalities in 4-AMP (81) and HEEP (129) are more 

reactive than the primary amines in serine methyl ester (130) and tyrosine methyl ester (131) for 

nucleophilic substitution on triazine ring. Accordingly, during the preparation of (85) and (86), the 

amino acids reacted first to leverage the higher reactivity of the dichlorotriazine over the 

monochlorotriazine. This reaction was followed by the addition of (129) at room temperature for 

24 h. The final compounds were collected by treating the resin with a solution of 95% TFA. The 

mixture was then shaken for 2 h at room temperature. The resin was removed by filtration and 

washed with DCM and THF. All filtrates were combined and the solvent was evaporated under 

reduced pressure. The overall yields for this series were 87%, 84%, 81% and 81% for dendrimers 

83-86 respectively. In both serine methyl ester (130) and tyrosine methyl ester (131), the lower 

nucleophilicity of the primary amino groups was responsible for the lower yields. 

During the construction of the triazine dendrimer library, each step was monitored using the 

orthogonal staining method described previously. The introduction of 1 equivalent of 81 to 84 gave 

a positive result in both tests due to the presence of amino and triazine chloride groups in the 

product. The final incorporation of 129 to give 84 via the substituted triazine chloride gave a 

negative AliR test but a positive Kaiser test. The same procedure was applied to the preparation of 

compounds 85 and 86 (Table 3.1). 

 

 

Table 3.1. True table of colorimetric monitoring for triazine dendrimer library construction to 

reveal the primary amines and triazine chlorides. 
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3. Summary 

 

In this section, an efficient SPDS of triazine dendrimer was established and a small library of 

triazine dendrimers was conducted as a proof-of-concept study in the view of constructing a variety 

of dendrimers. This ability could extend the diversity for dendrimer applications. This library 

includes dendrimers with a variety of surface group compositions. Starting with Rink-amide resin, 

iterative reactions of cyanuric chloride (76) and a linking diamine, 4-AMP (81), provided the 

desired materials. Peripheral dichlorotriazines could react selectively with four different 

combinations of nucleophiles to yield a multifunctional surface (83-86) in a total yield of 81-87%. 

The whole preparation process could be accomplished within one week, which dramatically 

improves the preparation efficiency. In this study, we also developed and validated a pair of 

orthogonal staining methods involving the ninhydrin and AliR tests to monitor the presence of 

alkyl amines and triazine chlorides in the course of dendrimer synthesis. This combined staining 

method offered an efficient approach for monitoring the solid-phase synthesis of triazine 

dendrimers. The approach developed here will allow to rapidly access diverse dendrimers, 

providing an opportunity to exploit these dendrimers for specific screening purposes in biomedical 

applications. 
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4. Experimental Section 

 

General 

 

Wang-amide resin was obtained from Advanced ChemTech, Rink-amide resin was purchased 

from Merck and other chemicals, solvents, and reagents were obtained from Acros, Aldrich and 

TCI, and used without further purification. Mass spectra were acquired on either an Agilent ESI-

MS-TOF and MALDI-MS-TOF (positive mode electrospray) mass spectrometer instrument as 

indicated. NMR spectra were obtained on a Varian 400MHz spectrometer. High-performance 

liquid chromatography (HPLC) and gel permeation chromatography (GPC) experiments were 

obtained using an Agilent HPLC system (1100 series). 

 

 

General MALDI-TOF-MS protocol 

 

A dendrimer solution was prepared by dissolving 1 mg of each final product in 1 ml of MeOH. 

Additionally, a 1:10 dilution of this solution was made. The matrix solution was prepared by 

dissolving 10 mg of matrix (2,5-dihydroxybenzoic acid, DHB) in 1 ml of MeOH. The analytical 

sample was prepared by mixing the dendrimer solution (0.5 μl) with the matrix solution (0.5 μl) 

on a stainless steel probe tip, and this mixture was allowed to dry at room temperature. MALDI-

TOF-MS system (model Autoflex III Smartbeam) equipped with a 355 nm Nd: YAG laser was 

purchased from Bruker Daltonics (Billerica, MA, USA). Mass spectra were acquired in positive 

ion reflector mode for the summing of 600 laser shots and data was processed by FlexAnalysis 

software (Bruker Daltonics). 

 

 

 

 

 



 

 118 

General procedure of solid-phase synthesis 

 

Rink-amide resin (0.10 mmol) was allowed to swell in DMF for 4 h, then it was mixed with 

20% piperidine in DMF for 10 min to remove the Fmoc protecting group. Deprotection was 

confirmed by ninhydrin assay. A solution of cyanuric chloride (4 eq) in THF (10 mL) was added 

to the swollen resin. The resulting mixture was treated with DIPEA and stirred at RT under N2. 

After the reaction, the resin was washed with THF (30 mL) and MeOH (30 mL). Then, a solution 

of 4-AMP (4 eq) in THF (10 mL) was added to the resulting chlorinated resin. The reaction mixture 

was treated with DIPEA and stirred at rt under N2. The resin was washed with THF (30 mL) and 

MeOH (30 mL). The ninhydrin and AliR tests were used to monitor the reaction progress. As the 

dendrimer generation increased, the amount of reagents used was doubled. 

 

 

Cleavage from Resin 
 

The resin-bound compounds (0.10 mmol) were treated with a solution of 95% TFA (5 mL), and 

the mixture was shaken for 2 h at rt. The solution was filtered and the resin was washed with EtOH 

(10 mL) and DCM (10 mL). The combined filtrates were evaporated in vacuo, and toluene (3x5 

mL) was added to form an azeotropic mixture with any remaining TFA, which was removed under 

high vacuum to obtain the final compounds. 
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Colorimetric monitoring 
 

Ninhydrin test for triazine amine:10 beads of resin were taken from the reactor and transferred 

to a test tube, followed by an addition of 30 µl cocktail of ninhydrin reagent (50 mg/mL of 

ninhydrin (127) in EtOH, 4 g/mL of phenol in EtOH and pyridine). Then checking the color change 

after 5 min heating at 120oC. (Positive: violet; negative: yellow) 

 

 

Alizarin R test for triazine chloride: 10 beads of resin were taken from the reactor and transferred 

to a test tube, followed by an addition of 1 mL AliR solution (5 mg of Alizarin R (128) with 1 mL 

of NMM in 3 mL of DMF). After 10 min of suspension at rt, the beads were washed several times 

with DMF and THF until the solution was no longer colored and observed the resin color. (Positive: 

red; negative: colorless) 
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Triazine Dendrimer 120 (G0) 
 

 

 

To swelling Rink-amide resin, cyanuric chloride (C3N3Cl3, 76) (79.10 mg, 0.43 mmol) in THF 

(10 mL) and DIPEA (59.30 mg, 0.46 mmol) was added and the mixture was incubated for 6 h. 4-

AMP (81) (90.50 mg, 0.79 mmol) in THF (10 mL) and DIPEA (109.20 mg, 0.85 mmol) were then 

added, and the reaction was shaking for 8 h. Both reactions were stirred at rt under N2. After the 

reactions had reached completion, cleavage from the 0.10 mmol resin afforded 120 as a yellow oil 

(30.20 mg, 94%). 1H NMR (400 MHz, CD3OD): δ 1.28 (m, 6H), 1.88 (m, 2H), 1.92 (m, 2H), 2.01 

(m, 2H), 2.88 (m, 4H), 3.03 (t, J = 12 Hz, 6H), 4.65 (br s, 4H); 13C NMR (100 MHz, CD3OD): δ 

30.1, 35.6, 45.3, 45.4, 159.0, 163.5; MS (MALDI-TOF, matrix: DHB): calcd for C15H28N8 [M]+ 

320.2; found at m/z 320.5. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 121 

Triazine Dendrimer 123 (G1) 
 

 

 

 

82 (Resin-bound G0) (0.10 mmol) was treated according to the general procedure involving 

cyanuric chloride (72) (0.16 g, 0.87 mmol) in THF (10 mL) and DIPEA (0.11 g, 0.86 mmol) over 

12 h. 4-AMP (81) (0.18 g, 1.58 mmol) in THF (10 mL) and DIPEA (0.22 g, 1.70 mmol) were then 

added and the reaction was incubated for 8 h. Both reactions were stirred at rt under N2. After the 

reactions had reached completion, cleavage from the resin afforded (123) as a yellow oil (85.40 

mg, 92%). 1H NMR (400 MHz, CD3OD): δ 1.16 (m, 8H), 1.34 (m, 8H), 1.75–1.92 (m, 22H), 2.70 

(m, 4H), 2.74 (m, 4H), 2.85 (m, 16H), 3.28 (m, 46H), 4.76 (br s, 8H); 13C NMR (100 MHz, 

CD3OD): δ 29.1, 30.6, 36.7, 37.7, 45.6, 46.7, 46.9, 54.4, 167.0, 172.7; MS (MALDI-TOF, matrix: 

DHB): calcd for C45H78N22: [M]+ 926.7; found at m/z 926.3.  

 

 

 

 

 

 

 

Triazine Dendrimer 125 (G2) 
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122 (Resin-bound G1) (0.10 mmol) was treated according to the general procedure involving 

cyanuric chloride (76) (0.330 g, 1.79 mmol) in THF (15 mL) and DIPEA (0.249 g, 1.93 mmol) for 

24 h. 4-AMP (81) (0.399 g, 3.50 mmol) in THF (15 mL) and DIPEA (0.45 g, 3.48 mmol) was then 

added and the reaction was incubated for 18 h. Both reactions were stirred at rt under N2. After the 

latter reaction had reached completion, cleavage from the resin afforded 125 as a yellow oil (0.182 

g, 86%). 1H NMR (400 MHz, CD3OD): δ 1.18 (m, 16 H), 1.52 (m, 8H), 1.79–2.00 (m, 62H), 2.77-

2.90 (m, 56 H), 3.01 (t, J = 12.0 Hz, 8H), 3.43 (d, 12H), 4.76(br s, 16H); 13C NMR (100 MHz, 

CD3OD): δ 27.6, 30.4, 34.0, 36.1, 36.4, 43.9, 44.2, 44.7, 45.3, 45.7, 45.9, 153.1, 165.6, 166.3, 

166.6; MS (MALDI-TOF, matrix: DHB): calcd for C105H178N50 [M+H]+ 2140.6; found at m/z 

2140.6. 

 

 

Triazine Dendrimer 126 (Resin-bound G2.5) 

124 (Resin-bound G2) (0.10 mmol) was treated according to the general procedure involving 

76 (0.649 g, 3.52 mmol) in THF (15 mL) and DIPEA (0.510 g, 3.95 mmol) over 36 h. The reaction 

was stirred at rt under N2 to afford the intermediated resin-bound 126. 

Triazine Dendrimer 83 
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A solution of 4-AMP (81) (0.370 g, 3.24 mmol) in THF (15 mL) was added to a solution of the 

resin-bound 126 (0.10 mmol) in THF (5 mL). The reaction was treated with DIPEA (0.420 g, 3.25 

mmol) and stirred for 36 h at rt under N2. Then, the resin was washed with THF (15 mL) and 

MeOH (15 mL). Cleavage from the resin afforded 83 as a yellow oil (0.397 g, 87%). 1H NMR 

(400 MHz, CD3OD): δ 1.13–1.24 (m, 64 H), 1.51 (m, 16H), 1.73–1.83 (m, 64H), 1.95–2.01 (m, 

40H), 2.83–2.89 (m, 88 H), 3.01 (t, J = 12.0 Hz, 16 H), 3.41 (d, J = 12.0 Hz, 12 H), 4.69 (br s, 

32H); 13C NMR (100 MHz, CD3OD): δ 27.2, 30.1, 33.4, 35.6, 35.7, 37.6, 44.0, 44.4, 44.9, 45.4, 

46.9, 151.7, 165.4, 170.7; MS (MALDI-TOF, matrix: DHB): calcd for C225H378N106 [M]+ 4565.3; 

found at m/z 4565.9. 
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Triazine Dendrimer 84 

 

 

 

 

A solution of 4-AMP (77) (0.137 g, 1.20 mmol) in THF (15 mL) was added to a solution of 

resin-bound 126 (0.10 mmol) in THF (5 mL). The reaction was treated with DIPEA (0.156 g, 1.21 

mmol) and stirred for 18 h at rt. Then, the resin was washed with THF (15 mL) and MeOH (15 

mL). HEEP (129) (0.209 g, 1.20 mmol) was added and the reaction was stirred for 24 h at rt. Both 

reactions were performed under N2. The resin was washed with THF (15 mL) and MeOH (15 mL). 

Cleavage from the resin afforded 84 as a yellow oil (0.424 g, 84%). 1H NMR (400 MHz, CD3OD): 

δ 1.08–1.16 (m, 24H), 1.22–1.31 (m, 32H), 1.63–1.72 (m, 24H), 1.78 (m, 22H), 1.86 (m, 32H), 

2.54 (d, J = 12.0 Hz, 28H), 2.59–2.68 (m, 48 H), 2.77 (m, 64 H), 2.88 (t, J = 8 Hz, 32H), 3.22 (d, 

J = 8 Hz, 16 H), 3.54 (m, 16 H), 3.62–3.68 (m, 32H), 3.77 (br s, 16H), 4.77 ppm (d, J = 12 Hz, 

16H); 13C NMR (100 MHz, CD3OD): δ 28.4, 29.5, 36.4, 37.36, 44.7, 44.7, 46.2, 53.3, 53.6, 57.8, 

58.2, 61.1, 61.1, 67.7, 67.8, 72.3, 72.3, 165.3, 165.4, 186.5, 165.6 ppm; MS (MALDI-TOF, matrix: 

DHB): calcd for C241H411N106O16 [M]+ 5046.5; found at m/z 5047.5. 
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Triazine Dendrimer 85 

 

 

 

 

A solution of L-serine methyl ester hydrochloride (130) (0.146 g, 1.23 mmol) in THF/MeOH 

(1:1, 15 mL) was added to a solution of resin-bound 126 (0.10 mmol) in THF (5 mL). The reaction 

was treated with DIPEA (0.291 g, 2.25 mmol) and stirred for 36 h at rt. After 36 h, the resin was 

washed with THF (15 mL) and MeOH (15 mL). Then, HEEP (127) (0.211 g, 1.21 mmol) was 

added and the reaction was stirred for 24 h at rt. All reactions were performed under N2. The resin 

was washed with THF (15 mL) and MeOH (15 mL). Cleavage from the resin afforded 85 as a 

yellow oil (0.411 g, 81%). 1H NMR (400 MHz, CD3OD): δ 1.14 (m, 12H), 1.28–1.41 (m, 24 H), 

1.77–1.93 (m, 66 H), d 2.53 (t, J = 8.0 Hz, 12H), 2.62 (m, 36H), 2.72 (d, J = 8.0 Hz, 16H), 2.77 

(d, J = 8.0 Hz, 12H), 2.85 (m, 24H), 2.95 (t, J =  4 Hz, 32 H), 3.53 (m, 16 H), 3.65 (m, 40 H), 3.74 

(s, 24H), 3.79 (m, 16H); 13C NMR (100 MHz, CD3OD): δ 27.2, 27.6, 29.3, 34.6, 35.1, 36.1, 42.5, 

42.8, 44.1, 44.2, 44.4, 45.3, 45.5, 48.7, 51.4, 52.9, 53.2, 56.0, 56.7, 57.6, 57.8, 58.0, 61.1, 61.1, 

63.7, 64.4, 67.8, 67.8,72.3, 156.2, 165.3, 165.4, 165.5, 165.6, 174.; MS (MALDI-TOF, matrix: 

DHB): calcd for C217H354N98O40 [M]+ 5085.0; found at m/z 5084.9. 

 

 

 

N N

NN N

NH2

N
H

N
H

N

NNNN

N

N N

NN
H
N

H
N

HN

85

NH

N

N N

N

N

N N

N

N

N N

N

N N N N

N

N

N

N

NH HN

N
H

NH

NHNH

N
H

HN

N

N

N N

N

N

N

NN

N

NNN

N

NN

N

NNN

N

NN

N

X

Y X Y X Y X

Y

X

Y

XYY X

X

Y

X =

N N

O OH

N
H

OMe

O

OH

Y =



 

 126 

Triazine Dendrimer 86 

 

 

 

 

A solution of L-tyrosine methyl ester hydrochloride (131) (0.240 g, 1.23 mmol) in THF/MeOH 

(1:1, 15 mL) was added to a solution of resin-bound 126 (0.10 mmol) in THF (5 mL). The reaction 

was treated with DIPEA (0.291 g, 2.25 mmol) and stirred for 36 h at rt. After 36 h, the resin was 

washed with THF (15 mL) and MeOH (15 mL). Then, HEEP (129) (0.211 g, 1.21 mmol) was 

added and the reaction was stirred for 24 h at rt. All reactions were performed under N2. The resin 

was removed by filtration and washed with THF (15 mL) and MeOH (15 mL). Cleavage from the 

resin afforded 86 as a yellow oil (0.461 g, 81 %). 1H NMR (400 MHz, CD3OD): δ 1.13–1.19 (m, 

12 H), 1.44–1.53 (m, 24H), 1.70–2.00 (m, 66H), 2.55 (m, 8H), 2.65 (m, 32H), 2.72 (t, J = 8.0 Hz, 

8H), 2.84 (d, J = 8.0 Hz, 24 H), 2.97 (m, 24H), 3.09 (t, J = 4 Hz, 32H), 3.39 (d, J = 12.0 Hz, 12 

H), 3.55 (m, 16H), 3.62–3.71 (m, 64 H), 3.78 (br s, 24 H), 6.73 (d, J = 8.0 Hz, 16 H), 7.00 (d, 

J=8.0 Hz, 16H); 13C NMR (100 MHz, CD3OD): δ 27.9, 30.5, 4.6, 36.5, 40.7, 43.7, 43.9, 44.9, 45.1, 

45.7, 52.5, 52.5, 54.5, 56.7, 58.7, 59.0, 62.3, 62.3, 68.9, 69.1, 73.5, 116.5, 128.6, 131.4, 131.6, 

157.6, 166.5, 166.7, 176.1; MS (MALDI-TOF, matrix: DHB): calcd for C265H386N98O40 [M]+ 

5693.2; found at m/z 5693.8. 
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Section4. Poly(aminoester) dendrimer synthesis  

and its challenges 

 

 

 

 

1. Background 

 

1.1. Poly(aminoester) dendrimers 

 

Poly(aminoester) dendrimers are characterized by the dual presence of both amine entities and 

ester functions. Poly(aminoester) dendrimers are particularly appealing for drug delivery in 

biomedical applications due to their multiple advantageous features.1,2 First of all, poly(aminoester) 

dendrimers are biodegradable because of the labile ester linkages which can be readily hydrolyzed 

in acidic or basic conditions or via the action of enzymes, allowing effective degradation under 
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mild conditions. Secondly, the amine functionalities present in the poly(aminoester) dendrimers 

can serve as buffers to neutralize the acids generated from the ester hydrolysis, creating a benign 

and nonaggressive environment during dendrimer degradation. Furthermore, the large amount of 

ester and amine functionalities presented within the dendrimer may facilitate the formation of 

hydrogen bonds and interactions with the drug molecules, which in turn enforce the encapsulation 

to improve drug solubility and delivery. Last but not least, both terminal amine and ester functions 

in poly(aminoester) dendrimers can be easily transformed to various other functionalities in order 

to meet the special needs of various biomedical applications. In spite of the poly(aminoester) 

dendrimers having such superior properties compared to other families of dendrimers, their 

applications in drug delivery have rarely been revealed because of the limited methodologies 

available for reliable synthesis. 

 

 

1.2. Challenges for synthesizing poly(aminoester) dendrimers  

 

The synthesis of poly(aminoester) dendrimers is by no means trivial and the main challenge 

lies in the simultaneous presence of both ester and amine functionalities.2 Concerning the ester 

groups, not only are they labile in acid/basic conditions and in the presence of enzymes, but they 

can also be easily attacked by nucleophiles and readily undergo various derivations even under 

mild conditions. Regarding to the amine groups, they can easily form zwitterions or hydrogen 

bonds with carboxylic acid functions during the synthesis, hence reducing the reactivity of 

carboxylic acids for esterification. In addition, the amine functionalities can impart high polarity 

and water solubility to the dendrimers, which complicate the subsequent separation and 

purification procedures. Thus, the synthesis of reliable and high quality poly(aminoester) 

dendrimers constitutes a great challenge for synthetic chemists.1,3 

Several synthetic strategies for preparing poly(aminoester) dendrimers in solution have been 

reported include the amine branching approach,4,5 the ester formation strategy,6 and the 

combination of both methods1,7,8 along with the emerging click chemistry based synthesis.3,9 All 

four strategies have their own advantages and limitations, and need further improvements to 

generate defect-free dendrimers for biomedical applications (Scheme 4.1). 
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Scheme 4.1. Strategies for the synthesis of poly(aminoester) dendrimers via (A) amine branching, 

(B) direct ester bond formation, (C) combined ester bond formation and amine branching, and (D) 

click chemistry. 
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Alternatively, the solid-phase synthesis may provide a promising strategy with the simple 

separation and purification steps, hence offering a rapid achievement of poly(aminoester) 

dendrimers. Recently, Kang et al reported the solid-phase synthesis of poly(aminoester) 

dendrimers (Figure 4.1). They enclosed Fe3O4 nanoparticles within a poly(aminoester) dendrimer 

shell in the view of developing Fe3O4 as a magnetic resonance imaging agent for biomedical 

applications.10  

 

 

 

Figure 4.1. Solid-phase synthesis of poly(aminoester) dendrimers onto Fe3O4 nanoparticles. 

 

 

Encouraged by our successful solid-phase synthesis of inverse PAMAM dendrimers11 and 

triazine dendrimers12 as well as Kang’s report on solid-phase synthesis of poly(amino)ester 

dendrons on Fe3O4,
10 we would like to elaborate a general solid-phase method for synthesizing 

poly(aminoester) dendrimers.  

As the only difference between poly(aminoester) and PAMAM dendrimers is the amide 

functions in PAMAM dendrimers being replaced by ester linkages, we therefore envisioned an 

allied synthetic strategy similar to what we developed for solid-phase synthesis of PAMAM 

dendrimers for creating poly(aminoester) dendrimers, specifically, we would like to construct 
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poly(aminoester) dendrimers via ester bonding formation instead of amide bond formation used in 

PAMAM dendrimer synthesis. In this way, we expected that solid-phase synthesis could facilitate 

the preparation of poly(aminoester) dendrimers with highly efficient coupling/deprotection 

reactions yet easy and effective purification procedures. 
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2. Results and discussion 

 

2.1. Molecular design and preparation of building blocks 

 

Similar to the solid-phase synthesis of PAMAM dendrimers, we were in need of the AB2 type 

repeating units capable of building poly(aminoester) dendrimers via stepwise ester bond formation. 

We therefore conceived and prepared two building blocks 133 and 136 (Figure 4.2). 133 bearing 

free carboxylic acid functionality was designed for attachment to Kaiser oxime resin as the first 

residue, whereas 136 harboring free hydroxyl group was devised to serve as the repeating unit for 

dendrimer growth. The hydroxyl group in 136 were able to form ester with the carboxylic acid 

terminals of the dendrimer attached onto the resin for dendrimer growth, followed by hydrolysis 

to release the acid terminals for next reaction cycle to construct next generation dendrimers. The 

iterative integration of the repeating unit 136 and final resin cleavage reaction were expected to 

provide the desired dendrimers (Scheme 4.2). 

 

 

 

Figure 4.2. Two building blocks, 133 and 136, for solid-phase synthesis of poly(aminoester) 

dendrimers.  
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Scheme 4.2. Synthetic plan for Solid-phase synthesis of poly(aminoester) dendrimers using two 

designed AB2 constructing units (133 and 136). 

 

 

The preparation of building block 133 proceeded through Michael addition of free -alanine 

(100) onto the corresponding tert-butyl acrylate 139. Likewise, Michael reaction between the 

acrylate (139) and 3-aminopropanol (140) yielded the building block 136. It is to note that no 

protection of the acid and hydroxyl group is necessary for the preparation of 133 and 136. Both 

133 and 136 were purified by chromatography easily with high yields and could be obtained in 20-

gram scale (Scheme 4.3).  

 

 

 

(i) Coupling

X

Resin cleavageCycle of 
(ii) & (iii)

(ii)Deprotection

desired poly(aminoester) dendrimers

133

X

HO N

O OtBu

OtBu

O

O
N

OtBu

OtBu

O

O

O

X N

OH

OH

O

O

O

TFA

(iii) Coupling

X

HO N

OtBu

OtBu

O

O
N

O

O

O

O

O

N

N

OtBu

OtBu

OtBu

OtBu

O

O

O

O

X N

O

O

O

O

O

N

N

OH

OH

OH

OH

O

O

O

O

(ii)Deprotection

TFA

Resin

134 135

137 138

136



 

 138 

 

Scheme 4.3. Preparations of building blocks 133 and 136 for poly(aminoester) dendrimer 

constructions. 

 

 

2.2. Solid-phase synthesis of biodegradable poly(aminoester) dendrimers  

 

With the building blocks 133 and 136 in hands, we first carried out solid-phase synthesis of 

poly(aminoester) dendrimers using Kaiser oxime resin. The resin was first stood in anhydrous 

DMF for more than 4 hours of swelling before being conjugated with 133 via an ester bond linkage 

to yield 141. The swelling process is very important in order to fully expose the reactive sites on 

the resin and offer the access to the reagent for resin coupling. Without this swelling procedure, 

the coupling of the resin with 133 decreased dramatically from 95% to 50% yield. Following the 

successful attachment of 131 onto the resin, the obtained 141 underwent further deprotection in 

TFA to generate 142, which bears two carboxylic acid terminals and will serve as the focal core 

for the construction of poly(amidoamine) dendrimers on the solid support (Scheme 4.4). 
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Scheme 4.4. Solid-phase synthesis of G1-G3 poly(aminoester) dendrimers 145-147 using building 

blocks 133 and 136. 

 

 

Figure 4.3. Malachite green (MG, 148) reagent as colorimetric test for poly(aminoester) dendrimer 

synthesis monitoring to reveal carboxylic acids.
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Coupling the acid-terminated 142 with the free hydroxyl group in building block 136 was 

achieved in the presence of DCC/DMAP, providing the first generation of poly(aminoester) 

dendrimer 145. A color test sensitive to carboxylic acid is used to monitor this reaction. Namely, 

mixing the resin with malachite green solution in the presence of TEA,13 appearance of green resin 

suggesting the existence of carboxylic acids, whereas no green color appearance highlighting resin 

harboring ester-terminating dendrimer (Figure 4.3). Further deprotection of the terminal ester 

functionalities in 143 offered the acid-terminating dendrimer 146 ready for next cycle of dendrimer 

growth. Iteration of the coupling and deprotection procedures generated effectively higher 

generation dendrimers up to G3 (Scheme 4.4).  

Nevertheless, the cleavage of poly(aminoester) dendrimers from Kaiser oxime resin is the most 

challenging step since the ester linkages are labile not only in acid or base conditions but also in 

the presence of nucleophiles. We tried various cleavage conditions which were commonly used 

and reported for Kaiser oxime resin cleavage such as TEA in MeOH/DMF, NaOH in dioxane and 

1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) in THF/H2O. Subjecting the dendrimer-bearing resin 

to the cleavage reagent of TEA in MeOH/DMF, no desired product could be identified. These 

findings suggested that a strong base is necessary for the cleavage of synthesized dendrimers from 

the resin whereas TEA is not strong enough. Thereafter, a typical cleavage reagent, NaOH, for 

Kaiser oxime resin was used but no reproducible results could be obtained. This might be ascribed 

to the labile ester functionalities within the dendrimers which can be hydrolyzed under alkaline 

condition. Notably, an organic base DBU, which is weaker than NaOH, was used to replace NaOH 

in order to reduce or suppress the possible hydrolysis. We used NMR to analyze the reaction 

products (Figure 4.4), and found out that there were indeed NMR signals for the expected 

dendrimers, which were mixed with DBU and dicyclohexyl urea (DCU), both of which were 

difficult to remove.14 We tried multiple purification methods to remove these impurities. 

Unfortunately, none of them were successful, the final compounds were either degraded or 

completely disappeared. Also to note, building blocks, were also revealed in the product mixture 

based on NMR analysis, suggesting the possible hydrolysis of the ester functions in the 

poly(aminoester) dendrimers during resin cleavage step, because these starting materials should 

have been eliminated during the solid-phase synthesis by washing and filtration. Consequently, 

our results indicated that the dendritic poly(aminoester) compounds might decompose at the last 

step of resin cleavage as a result of the labile ester bonds. 
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Figure 4.4. NMR traces of poly(aminoester) dendrimers 145-147 after resin cleavage treated with 

DBU (Signals: red-dendrimer; green-building blocks; violet-DBU; blue-DCU). 

 

 

To further confirm the degradation of the poly(aminoester) dendrimer during the resin cleavage 

step, we performed ESI-TOF-MS (Figure 4.5) and 2D-DOSY analysis of the dendrimer products 

(Figure 4.6) collected from resin cleavage. HRMS measurements can provide information 

pertaining to the molecular weight and elemental composition whereas 2D-DOSY is a useful 

method to distinguish between the different components of a mixture based on their diffusion 

coefficients, depending on the size and shape of the molecules. Regarding to the MS analysis, we 

could notice only weak signals corresponding to G1 and G2 dendrimers 145 and 146. The most 

intense MS signals belonged to building blocks 133, 136, DBU and the associated impurities. 

These results are consistent with those obtained from NMR studies. Further 1H-DOSY analysis 

did not reveal any macromolecular species. The larger G2 and G3 dendrimers 146 and 147 were 

used as reference and no signal of macromolecules as dendrimers was identified (Figure 4.6). 

Collectively, these results confirmed the difficulty to get the intact poly(aminoester) dendrimers 
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from resin cleavage, highlighting the synthetic challenge for synthesizing poly(aminoester) 

dendrimers. 

 

 

 

 

Figure 4.5. ESI-TOF-MS spectra of poly(aminoester) dendrimers (A) 145 (G1) and (B) 146 (G2) 

after DBU cleavage.  
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Figure 4.6. 2D-DOSY spectra of poly(aminoester) dendrimers 146 (G2) and 147 (G3) after DBU 

cleavage.  

 

 

2.3. Construction of poly(aminoester) dendrimers using photolabile resin 

 

As presented above, Kaiser oxime resin appeared not suitable for poly(aminoester) dendrimer 

synthesis because the resin cleavage methods with either basic or nucleophilic reagents gave rise 

to the dendrimer degradation. Taking the consideration of the labile poly(aminoester) dendrimers, 

other solid resin requiring acidic cleavage may not be suitable either. Therefore, we turned to the 

photolabile resins in the hope that resin cleavage could be realized under specific light irradiation, 

which could avoid dendrimer degradation under strong acid or base cleavage cocktails. Photolabile 

resin bearing photoactivatable linkers have been shown considerable promise for releasing 

compounds such as peptides, oligonucleotides, carbohydrate derivatives and small molecules from 

solid supports.15 They offer mild conditions of light irradiation for resin cleavage and the cleaved 

compounds can be directly applicable for biological testing. In addition, most photolabile resins 

are robust and stable in both acidic and basic conditions required for various chemical reactions.  

Table 4.1 listed the most commonly used photolabile resins in solid-phase synthesis along with 

their photoactivatable linkers and the related photocleavage reactions. Early work on linkers 

mainly based on the o-nitrobenzyloxy group, and many variants of this kind of linkers have since 
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been reported. Resins with o-nitrobenzyloxy linkers are still one of the most popular photolabile 

resins nowadays. Cleavage of substrates from the o-nitrobenzyloxy linker (Table 4.1, P1) can be 

achieved by irradiating at 350-365 nm.15-18 Also resins based on the photolabile phenacyl linker 

(Table 4.1, P2) have been developed. Similar to the nitrobenzyl linkers, cleavage from the 

phenacyl linker can be realized by irradiating at 350 nm.19 In addition, photolabile groups such as 

the benzoin group20,21(Table 4.1, P3), pivaloyl group22 (Table 4.1, P4) and thiohydroxamic 

functionality (Table 4.1, P5) have all been adapted as linker units for resins used in solid-phase 

synthesis with varied degrees of success. Among all these photoremovable linkers listed in Table 

4.1, o-nitrobenzyl based linkers have the advantages of fast release kinetics, hence being widely 

applied in SPS. Also, the increased electron density at the benzylic position caused bathochromic 

shift and allowed photoirradiation to be undertaken under longer UV wavelength, hence avoiding 

possible photodamage of the compounds. 

In our synthesis of poly(aminoester) dendrimers, we employed a photolabile resin based on the 

o-nitroveratryl group (Table 4.1, P1), which is capable of releasing final product upon UV 

irradiation at 350-365 nm (Scheme 4.4). We also incorporated the amino acid phenylalanine to the 

resin, serving as an indicator, because phenylalanine has the characteristic UV absorption which 

facilitate product tracing using UV detection. Using the similar strategy as we developed for Kaiser 

oxime resin, we carried out the solid-phase synthesis of poly(aminoester) dendrimers with the 

phenylalanine pre-loaded resin. As a proof-of-concept study, we only performed synthesis of small 

generation dendrimers. Photolytic cleavage of the dendrimers from resins was performed with 

pulsed laser at 331 nm and UV lamp with 365 nm UV irradiation in MeOH/H2O solution. The 

cleavage mixture was analyzed using NMR and HRMS. Unfortunately, we were not able to provide 

evidence for the desired poly(aminoester) dendrimers. Further efforts are necessary to clarify the 

underlying problems associated with photocleavage in order to identify the best condition to realize 

safe and effective dendrimer removal from the solid resin.
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Table 4.1. Photolytic reactions of various photolabile linkers. 

 
Photoremovable 

linkers 
Photolytic reactions 

P1 
Nitrobenzyl groups 

(NBOC/NVOC) 

 

 

P2 Phenacyl group 

 

 

 

P3 Benzoin group 

 

 

 

P4 Pivaloyl group 

 

 

 

P5 
Thiohydroxamic 

group 

 

 

 

 



 

 

1
4

6
 

 

Scheme 4.5. Preparation of poly(aminoester) dendrimers using photolabile resin via photocleavage.
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3. Summary 

 

Poly(aminoester) dendrimers hold great promise as biodegradable nanocarriers for drug 

delivery thanks to their advantageous properties including biodegradability, potentially lower 

toxicity and possibility of diverse chemical conjugations. However, synthesis of such dendrimers 

is challenging because of the labile feature of numerous ester functionalities within the dendrimer 

backbones. Part of my PhD thesis has been dedicated to the synthesis of poly(aminoester) 

dendrimers using solid-phase synthesis in the view to overcome the limitation encountered during 

the solution-phase synthesis. We attempted to synthesize poly(aminoester) dendrimers using 

similar strategy which we developed for the solid-phase synthesis of inverse PAMAM dendrimers 

using Kaiser oxime resin. Regrettably, this method was not able to deliver the desired dendritic 

molecules because the labile poly(aminoester) dendrimers were degraded during the resin cleavage 

under either basic or nucleophilic conditions. We then turned to the photolabile resin for the solid-

phase dendrimer synthesis in the hope that the final compounds could be safely cleaved from the 

resin via photo-irradiation, while avoiding the damage of amine and ester functionalities. 

Unfortunately, our current results were not successful to deliver the expected products. Further 

efforts with detailed studies are necessary to clarify the underlying problems associated with 

photochemical reactions. We are working in this direction. 
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4. Experimental section 

 

General 
 

Kaiser oxime resin was obtained from Merck and Fmoc photolabile resin was purchased from 

Iris Biotech GmbH. The other chemicals, solvents, and reagents were obtained from Acros, Aldrich 

and TCI, and used without further purification. Mass spectra were acquired on either an Agilent 

ESI-TOF-MS and MALDI-TOF-MS (positive mode electrospray) mass spectrometer instrument 

as indicated. The exact mass measurement was done in triplicate with a double internal calibration. 

1HNMR spectra were recorded at 400 or 500 MHz and 13C NMR spectra recorded at 100 MHz on 

Bruker Avance III 400, Bruker Avance III 500 or JEOL ECS 400 spectrometers. High-performance 

liquid chromatography (HPLC) and gel permeation chromatography (GPC) experiments were 

obtained using an Agilent HPLC system (1100 series). 

 

 

Synthesis of building blocks 133 and 136 
 

Building block 133 
 

 

 

tert-Butyl acrylate (139, 7.2 g, 56.2 mmol) was treated with -alanine (100) (2.0 g, 22.45 mmol) 

in MeOH (50 mL) and add 1N NaOH (20 mL, 1.65 mol). The reaction solution was stirred at rt 

under N2 for 12h. The resulting mixture was partitioned between DCM and H2O. The organic layer 

was washed with brine and evaporated under reduced pressure to give an oily mixture which was 

further purified by column chromatography (DCM/MeOH=12/1) to provide 133 as a white solid  

(7.2 g, 94%): Rf 0.65 (DCM/MeOH = 12/1, v/v); 1H NMR (400 MHz, CDCl3) δ 1.43 (s, 18H), 
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2.46 (t, J = 8.0 Hz, 4H), 2.52 (t, J = 8.0 Hz, 2H), 2.76 (t, J = 8.0 Hz, 2H), 2.87 (t, J = 8.0 Hz, 4H); 

13C NMR (100 MHz，CDCl3) δ27.96, 30.20, 32.06, 48.15, 49.27, 81.36, 170.58; HRMS (FAB): 

calcd for C17H33NO6 [M+H]+ 346.2230; found at m/z 346.2233. 

 

 

Building block 136 
 

 

 

tert-Butyl acrylate (139, 8.54 g, 66.62 mmol) was treated with 3-amino-1-propanol (140) (2.0 

g, 26.62 mmol) in MeOH (50 mL). After stirring at room temperature under N2 for 8h. The 

resulting mixture was partitioned between DCM and H2O. The organic layer was washed with 

brine and concentrated under reduced pressure to give an oily mixture which was further purified 

by column chromatography (DCM/MeOH = 15/1) to provide 136 as a pale amber oil (8.6 g, 98%): 

Rf 0.6 (DCM/MeOH = 13/1, v/v); 1H NMR (400 MHz, CDCl3) δ 1.44 (s, 18H), 1.68 (tt, J = 4.0, 

4.0 Hz, 2H), 2.40 (t, J = 8.0 Hz, 4H), 2.62 (t, J = 4.0 Hz, 2H), 2.74 (t, J = 8.0 Hz, 4H), 3.74 (t, J = 

6.0 Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 28.05, 28.27, 33.23, 49.29, 53.07, 63.22, 80.66, 171.71; 

HRMS (FAB): calcd for C17H35NO5 [M+H]+ 332.2437; found at m/z 332.2437. 
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General procedure of solid-phase synthesis for poly(aminoester) dendrimers 
 

Using Kaiser oxime resin 

 

The suspension of oxime resin (0.22 g, 0.2 mmol) in RV bottle was added DMF under Ar and 

bubbled with Ar for 2 h. After removal of DMF, the following resin in RV bottle was added the 

solution of 133 (2.0 eq) in DMF/DCM (4/1, v/v), DCC (2.0 eq) and DMAP (2.0 eq). The following 

mixture was bubbled with N2 for 12 h (for the first introduction of 133) or 4 h (for rest of 

introduction of 136). After reaction, the solvent was removed and the resulting mixture was washed 

with DMF three times. To the resulting solution was added acetic anhydride in DMF (100μL, 10% 

v/v solution). After washed with DMF three times, the reaction mixture was added was 

trifluoroacetic acid (TFA) in DCM (50 %, 10 mL) for deprotection. After 1 h of reaction, the 

solution was removed and the mixture was washed with DCM and DMF three times. 

 

 

Using Fmoc photolabile resin 

 

The suspension of Fmoc photolabile resin (0.25 g, 0.2 mmol) in RV bottle was added DMF 

under Ar and bubbled with Ar for 2 h. After removal of DMF, the reagent of 20% piperidine in 

DMF was treated for 15 min for Fmoc deprotection. After washing with DMF, the following resin 

in RV bottle was added the solution of phenylalanine (2.0 eq) in DMF, PyBOP (2 eq) and 0.4 M 

N-methylmorpholine (NMM), shaken under Ar. After 8 h, the solvent was removed and the 

resulting resin was washed with DMF. Then a solution of 133 in DMF/DCM (4/1, v/v), DCC (2.0 

eq) and DMAP (2.0 eq) was added. The following mixture was bubbled with Ar for 12 h (for the 

first introduction of 133) or 4 h (for rest of introduction of 136). After reaction, the solvent was 

removed and the resulting mixture was washed with DMF three times. To the resulting solution 

was added acetic anhydride in DMF (100μL, 10% v/v solution). After washed with DMF three 

times, the reaction mixture was added was trifluoroacetic acid (TFA) in DCM (50 %, 10 mL) for 

deprotection. After 1 h of reaction, the solution was removed and the mixture was washed with 

DCM and DMF three times. 
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Colorimetric monitoring 
 

Ninhydrin test for aryl amine:10 beads of resin were taken from the reactor and transferred to a 

test tube, followed by an addition of 30 µl cocktail of ninhydrin reagent (50 mg/mL of ninhydrin 

(127) in EtOH, 4 g/mL of phenol in EtOH and pyridine). Then checking the color change after 5 

min heating at 120oC. (Positive: purple; negative: yellow) 

 

MG test for carboxylic acid: 10 beads of resin were taken from the reactor and transferred to a 

test tube, followed by an addition of 0.3 mL MG solution (0.25% Malachite green (148) in EtOH) 

and 10 L TEA. After 10 min of suspension at rt, the beads were washed several times with EtOH 

until the solution was no longer colored and observed the resin color. (Positive: green; negative: 

colorless) 

 

 

Photolytic procedures 

 
50 mg of resins bearing the deprotected dendrimers were placed in the plate and covered with 

a solution of MeOH/H2O = 1/4 (v/v) A glass slide was fixed on the top of the plate, which was 

then irradiated at UV 365 nm for 3 h. After UV irradiation, the resulting mixture was concentrated 

under reduced pressure to give an oily mixture which was further determined by UV, NMR and 

HRMS spectra. 
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Chapter III: Self-assembly synthesis of supramolecular 

dendrimers 

 

Section 5. Construction of supramolecular dendrimers as 

nanotheranostics 
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As aforementioned, conventional divergent and convergent methods for dendrimer synthesis 

(Figure 5.1A and Figure 5.1B) have their limitations, in particular for high generation dendrimers. 

Accordingly, alternative strategies such as solid-phase synthesis and self-assembly approach have 

been proposed for dendrimer synthesis as subjects of my PhD project. In the first part of my PhD 

program, we mainly focus on developing solid-phase dendrimer synthesis. The second part of my 

PhD thesis is dedicated to the self-assembly approach to build supramolecular dendrimers (Figure 

5.1C) for elaborating nanosystems for bioimaging and drug delivery in the view to providing 

effective diagnostics and therapy for cancer management. 

 

 

1. Introduction 

 

Self-assembly is an emerging and powerful means to construct supramolecular architectures in 

modern molecular science.1-3 Of particular value is the ability of self-assembled supramolecules 

to behave as more than the sum of their individual units, and show completely new properties.4 In 

1996, Zimmerman et al explored self-assembly of dendrons through hydrogen bonding to generate 

supramolecules.5 Recently, Percec has extended the supramolecular dendrimersomes via self-

assembly of amphiphilic dendrons.6,7 Our group has successfully applied the self-assembly 

approach, by using small amphiphilic dendrons, to create various supramolecular dendrimer 

nanostructures for drug and nucleic acid delivery.8,9 The employed small amphiphilic dendrons 

simply bear PAMAM dendritic wedges as polar heads and long alkyl chains as the non-polar 

portions. By varying the size, the generation and the chemistry of the polar dendrons as well as the 

nonpolar alkyl chains, the size, shape, our group have demonstrated that the function of the 

supramolecular dendrimer nanostructure can be modulated for controlled and on-demand 

delivery,8-12 which has been proven to be very effective in various cancer models in vitro and in 

vivo, offering a new perspective in molecular engineering of functional dendrimers in 

nanotechnology-based biomedical applications. 
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Figure 5.1. Illustrations of high generation dendrimer synthesis using: (A) Conventional divergent 

method; (B) Conventional convergent method; and (C) Self-assembly construction.
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Figure 5.2. Schematic presentation of self-assembly of amphiphilic dendrimers into 

supramolecular dendrimers for gene and drug delivery.9 

 

 

In particular, we have recently established an innovative drug delivery system based on self-

assembled amphiphilic dendrimer supramolecular nanomicelles (Figure 5.2).9 These nanomicelles 

have large void space in their core to encapsulate anticancer drug with high loading capacity. The 

resulting drug-encapsulated nanomicelles can effectively enhance drug potency and combat drug 

resistance by significantly promoting cellular uptake and decreasing efflux of the anticancer drug.9 

Moreover, this drug delivery system can remarkably reduce the drug toxicity. Motivated by the 

promising results obtained using these self-assembling supramolecular dendrimer nanomicelles 

for drug delivery, we would like to further integrate imaging platform in combination with 

therapeutic potency into our dendrimer nanomicelles to establish nanosystems for early and precise 

diagnosis along with safe and effective treatment for personalized medicine in cancer therapy. 

It is well known that early and precise diagnosis is a key issue for successful management of 

cancer in addition to safe and effective treatment and that the application of nanotechnology for 

targeted delivery of diagnostic and therapeutic agents is widely expected to bring breakthrough for 

cancer treatment. This is because nanosized carriers with tailored properties can protect the 

diagnostic and/or therapeutic agents from degradation, increase their bioavailability, and most 
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importantly, deliver them selectively to tumor lesion via Enhanced Permeation and Retention (EPR) 

effect.13 The EPR effect can increase local concentration of the agent at the tumor sites while 

sparing healthy tissues and organs, hence achieving better diagnostics sensitivity and resolution as 

well as therapeutic efficacy yet with considerably reduced toxicity. Particularly exciting are the 

recent efforts to engineer functional nanosystems to integrate therapeutic and diagnostic platforms 

into a combined “theranostic” approach, allowing diagnosing, grading, staging and treating cancer, 

and at the same time, monitoring treatment response to assess therapeutic efficacy for personalized 

medicine.14 

On the basis of the promising perspective of nanotheranostics and the encouraging results with 

our self-assembling amphiphilic dendrimer nanomicelles, we would like to develop self-

assembling dendrimer based nanotheranostics for cancer treatment (Figure 5.3). Among the 

different noninvasive tumor imaging modalities, magnetic resonance imaging (MRI) has superior 

resolution, with the potential to detect small tumor lesions. In my PhD project, we propose to 

develop self-assembling dendrimer nanomicelles for combined MRI and anticancer drug delivery 

with a view to establishing innovative theranostics for cancer therapy.  
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Figure 5.3. General concept of self-assembling amphiphilic dendrimers as nanotheranostics 

combining imaging diagnosis and therapy.
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Magnetic resonance imaging (MRI) 
 

 

Figure 5.4. General principle of MRI imaging.15 

 

 

Magnetic resonance imaging (MRI) is a powerful imaging tool that produces high resolution 

images without requiring the application of harmful radiation.16 This technique is similar to nuclear 

magnetic resonance (NMR) where a proton density image of the tissue is studied to generate an 

MRI image. In general, the basis for MRI signal is the precession of water hydrogen nuclei within 

a small magnetic field. Under the effect of the external magnetic moment, the protons can return 

themselves to original aligned state after applied the radiofrequency (RF) pulses (Figure 5.4). The 

signal that is generated contains information on water density and its environment which will be 

reconstructed to images via a computer to generate MRI images.  

In order to increase the imaging intensity, resolution and contrast, MRI contrast agent based on 

paramagnetic metal ions such as of manganese (Mn), iron (Fe), and gadolinium (Gd) have been 

used to shorten the relaxation parameters of water for better imaging.17 Although MRI has good 

spatial resolution, it suffers from low sensitivity. To overcome this, it is necessary to use relatively 

high concentrations of contrast agents. However, the administration of high doses of these contrast 

agents leads to concerns over accumulation and toxicity such as Gd(III) MRI agents associated 

with slow excretion and toxicity due to long-term accumulation,18 whilst ferric ions are not suitable 
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for certain body areas such as the gastrointestinal (GI) tract, which produces gastric irritation and 

slow clearance of the contrast agent.19 Therefore, reagents (Figure 5.5) such as 

diethyltriaminepentaacetic acid (DTPA) and 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic 

acid (DOTA) have been developed for chelating Gd(III) and marketed for MRI. DOTA has superior 

formation constant for the chelating with Gd(III) over DTPA, although Gd(III)/DOTA formation 

is slow and needs heating or microwave irradiation during complexation. In addition, DOTA was 

conjugated to monoclonal antibodies by attachment of one of the four carboxyl groups as an amide, 

with the remaining three carboxylate groups being available for strong complexation with the 

metal ions. Moreover, DOTA is a macrocyclic ligand which is entropically favorable for 

complexing with metal ions, allowing complex formation with high affinity and stability.20-23 

Example of clinically used MRI contrast agent based on Gd(III)/DOTA are Dotarem® (gadoterate, 

Gd-DOTA) and Prohance® (gadoteridol, Gd(HP-DOTA)), which distribute rapidly between 

plasma and interstitial spaces following intravascular injection. These are most effective in 

detection and diagnosis of disrupted blood-brain barrier in the central nervous system (CNS) such 

as multiple sclerosis and brain tumor.24 

Similar to MRI contrast agents, DOTA and DTPA are also used in imaging contrast agents for 

PET/SPECT, where it functions as a strong chelating agent for the radioisotopes Ga3+, 90Y3+ and 

111In3+.20-23 Yet, MRI and PET/SPECT provide measurement of different entities, in which MRI 

demonstrates anatomical alterations and PET/SPECT is commonly used to measure metabolism 

and the distribution of blood flow. As MRI has superior resolution and PET/SPECT have excellent 

sensitivity with the potential to detect tumor lesion, use of MRI is often in combination with 

PET/SPECT for cancer diagnosis. In my PhD project, we mainly propose to develop self-

assembled dendrimer nanomicelles for MRI in combination with anticancer drug delivery in the 

view of establishing innovative theranostics for cancer therapy. 

 

Figure 5.5. Commonly used macrocyclic chelators: TETA, NOTA, DOTA and DTPA. 
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2. Molecular design and synthetic strategy 

 

Based on the above-mentioned characteristics for MRI imaging and the related imaging contrast 

agents alongside our expertise in self-assembled supramolecular dendrimers, we would like to 

propose dendrimer nanotheranostics based on small amphiphilic dendron capable for self-

assembly to generate dendrimer nanostructures for drug delivery, and at the same time, bearing 

functional entities for MRI purpose. To do this, we conceived an amphiphilic dendron with a 

hydrophobic alkyl chain and a hydrophilic PAMAM dendritic wedge harboring four DOTA-

conjugated terminals C18-G2-4DOTA (Figure 5.6). This molecular design was intended to offer 

a balanced hydrophobicity vs hydrophilicity and functionality vs steric hindrance for self-

assembling to create stable and robust supramolecular nanomicelles for drug encapsulation and at 

the same time MRI imaging. 

The synthesis of C18-G2-4DOTA was planned to start with C18-G2 (Figure 5.7) for 

conjugation with the DOTA reagent, followed with the chelation of metal ions Gd3+, before self-

assembling into supramolecular dendrimer nanomicelles for drug encapsulation to achieve the 

nanotheranostics construction (Figure 5.8). The so-built dendrimer nanotheranostics was expected 

to harness the large interior void of the supramolecular dendrimer for high drug loading to attain 

better therapeutic effect while making use of the multivalent accumulating effect of the dendrimer 

terminals for enhancing the local concentration of imaging agent for better imaging quality. 
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Figure 5.6. Amphiphilic dendron C18-G2-DOTA with a hydrophobic alkyl chain and a hydrophilic 

PAMAM dendritic wedge harboring four DOTA-conjugated terminals. 

 

 

Figure 5.7. Amphiphilic G2 dendrimer with four amine terminals as the scaffold for further DOTA 

conjugations. 
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Figure 5.8. Molecular and synthetic design for preparing C18-G2-4DOTA, G2-4DOTA/Gd and 

self-assembled nanomicelles. 
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3. Results and discussion 

 

3.1. Synthesis of C18-G2-4DOTA 

 

As we mentioned previously, we chose the amphiphilic dendrimer scaffold C18-G2 with one 

hydrophobic alkyl chain and hydrophilic terminal dendritic wedge after considering the 

hydrophilic/hydrophobic balance and the possible steric hindrance during surface modification for 

conjugation with DOTA moiety (Figure 5.7). 

Scheme 5.1 shows the synthesis of the dendrimer C18-G2-4DOTA, starting from the 4 amine-

terminated dendrimer C18-G2, which was then conjugated with DOTA derivatives followed by 

deprotection. The amine-terminated dendrimer C18-G2 was prepared according to the protocols 

well-established in our group25 and presented in the experimental section. Conjugation of the 

DOTA entities onto the terminal amines of C18-G2 was carried out using the tert-butyl (tBu) 

protected DOTA derivative DOTA-GA(tBu)4 (174) with PyBOP as coupling agent, which proved 

to be very effective although the reaction was allowed to proceed via a long reaction time of 2 

days. Subsequent deprotection of the tBu groups was accomplished using TFA/DCM to deliver 

C18-G2-4DOTA in 82% in 2 steps.  
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Scheme 5.1. Synthesis of C18-G2-4DOTA.
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TLC, NMR and ESI-TOF-MS were employed to monitor and confirm the product formation. 

In particular, the obtained crude product was purified using sequential dialysis (replace fresh water 

per hour, 8 times per day) and lyophilization in order to get rid of the various impurities. It should 

be mentioned that the by-product, tris(pyrrolidinophosphine) oxide (183), originating from PyBOP 

was very difficult to separate, probably it was buried within the interior cavities of dendrimers 

(Figure 5.9, green highlighted). We therefore undertook extensively repeated 

dialysis/lyophilization purification cycles. After 7 cycles of dialysis/lyophilization, the by-product 

could be completely removed as demonstrated by MS analysis (Figure 5.10). The final product 

C18-G2-4DOTA was obtained as beige amorphous solid. This optimized protocol was well-

established, allowing dendrimer synthesis with reproducible yield and quality, as demonstrated by 

the NMR and ESI-MS analysis of three different batches of C18-G2-4DOTA synthesized using 

this protocol (Figure 5.11). 

 

 

 

Figure 5.9. NMR spectra of C18-G2-4DOTA for impurity tracking after 1st, 3rd and 7th dialysis.
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Figure 5.10. ESI-MS analysis to track the removal of 183 using dialysis and identify the complete synthesis of C18-G2-4DOTA.
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Figure 5.11. (A) NMR and (B) ESI-MS spectra of different batches of C18-G2-4DOTA to show 

the consistence and reproducibility of synthesis.  
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1H NMR and 13C NMR were also used to identify the structure of C18-G2-4DOTA. Compared 

to the dendrimer C18-G2, both 1H and 13C NMR of C18-G2-4DOTA revealed the new and 

characteristic NMR signals corresponding to the DOTA moieties: 1.72, 2.18, 3.17, 3.39, 3.67 ppm 

in 1H NMR, and 24.8, 27.8, 57.8, 66.3, 171.7, 175.3, 176.5 ppm in 13C NMR (Figure 5.12). In 

addition, electrospray high-resolution mass spectrometry (HRMS) unveiled the signals assigned 

to C18-G2-4DOTA in multiple protonation states (from 2+ to 5+, Figure 5.10), effectively 

affirming its chemical structure. 
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Figure 5.12. Comparison of the (A) 1H NMR; and (B) 13C NMR spectra C18-G2 and C18-G2-

4DOTA.
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3.2. Synthesis of Gd-chelated C18-G2-4DOTA (G2-4DOTA/Gd) 

 

The above synthesized C18-G2-4DOTA was further chelate with Gd(III) in the view to establish 

imaging agent for MRI. C18-G2-4DOTA was complexed with Gd(III) using an excess of GdCl3 in 

order to ensure complete complexation of DOTA. GdCl3 was added successively in several 

portions with pH adjusting to 6.5 after each addition. Precipitate was formed gradually when GdCl3 

was added, possibly due to the complexation with the carboxylate groups of DOTA with Gd3+ ions. 

After heating at 50oC for 24 h, the resulting reaction mixture for Gd(III) chelation was purified by 

dialysis, and then lyophilized to gain a white amorphous solid, G2-4DOTA/Gd (Scheme 5.2). 
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Scheme 5.2. Gd(III) chelation with DOTA-conjugated dendrimer, G2-4DOTA/Gd.
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Due to the high paramagnetic properties of G2-4DOTA/Gd, we could not obtain reasonably 

resolved NMR spectra for the structural identification. Fortunately, ESI-MS is a powerful method, 

which allowed us to confirm the successful complexation between C18-G2-4DOTA and Gd(III). 

As shown in Figure 5.13, two major signals assigned to G2-4DOTA/Gd in triple and quadruple 

protonation states (Figure 5.13A and Figure 5.13B) were observed. This finding indicates the 

fully complete chelation of four DOTA terminals in C18-G2-4DOTA with Gd(III), to deliver G2-

4DOTA/Gd.  

 

 

 

Figure 5.13. ESI-MS spectrum of DOTA dendrimer bonded with full Gd(III) ions. 

 

 

It is known that Gd(III) possesses 7~9 coordination sites, and the exact coordination number 

depends on the ligand properties and availability. For the neutral, non-ionic G2-4DOTA/Gd 

[C127H210Gd4N32O42], each Gd(III) chelated with the four nitrogen atoms, and the three carboxylate 

groups and the 1 protonate carboxylic acid of the DOTA unit, with Gd(III) having eight 

coordination sites (Scheme 5.2). For the quadruple charged G2-4DOTA/Gd4+ 

[C127H214Gd4N32O42]
4+ observed in HRMS, we proposed that each Gd(III) was coordinated with 
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the four nitrogen atoms, the two carboxylates and the two protonated carboxylates of each DOTA 

unit, hence also with eight coordination ligands (Figure 5.14). To further confirm this assumption, 

we doped our solution with sodium ions which would replace the labile protons in the complex 

structure (Figure 5.14). Indeed, upon the addition of sodium ions, the ionic peaks of 

[C127H214Gd4N32O42]
4+ shifted to the new species [C127H206Gd4N32O42Na8]

4+. This result supports 

for the proposed coordination structure for the quadruple charged G2-4DOTA/Gd4+ 

[C127H214Gd4N32O42]
4+. In addition, the gadolinium ions were not influenced by sodium addition, 

indicating that their chelation with DOTA moieties was strong and robust. 
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Figure 5.14. ESI-MS traces of G2-4DOTA/Gd with the addition of: (A) 1 mM of CH3COONa; 

(B) 0.5 mM of CH3COONa and (C) CH3COONH4. 
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3.3. Self-assembled nanosystems of C18-G2-4DOTA and G2-4DOTA/Gd) 

 

To verify the self-assembling properties of C18-G2-4DOTA and G2-4DOTA/Gd to form 

supramolecular dendrimer nanostructures, we used film dispersion method to produce the 

corresponding nanomicelles issued from C18-G2-4DOTA and G2-4DOTA/Gd respectively, and 

examined their hydrodynamic radius and their size distribution by using dynamic light scattering 

(DLS).26 As shown in Figure 5.15, both C18-G2-4DOTA and G2-4DOTA/Gd formed 

homogeneous nanoparticles with an average size of 6.3 nm and 7.1 nm, highlighting the formation 

of supramolecular dendrimer nanomicelles. The zeta potentials of the formed nanomicelles were 

further determined, with negative values of -24.7 mV and -12.5 mV for C18-G2-4DOTA and G2-

4DOTA/Gd at pH 6.4 and 8.6, respectively. As C18-G2-4DOTA has all its carboxylate groups 

attached in DOTA moieties in deprotonated state, its nanomicelles have consequently high 

negative surface charge. Complexing the positively charged Gd(III) with the carboxylate groups 

in DOTA units, the nanomicelles issued from G2-4DOTA/Gd had hence less negatively zeta 

potential. Also, the zeta potential values around -24.7 mV and -12.5 mV implied formation of 

stable nanoparticle colloids. Indeed, the nanomicelles issued from both C18-G2-4DOTA and G2-

4DOTA/Gd, were stable in size and surface potential for at least 1 month. 

 

 

 

Figure 5.15. DLS results of (A) C18-G2-4DOTA (1h) ;(B) G2-4DOTA/Gd (1h) in H2O; (C) size 

and zeta tracking of C18-G2-4DOTA and (D) size and zeta tracking of G2-4DOTA/Gd. 
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3.4. Construction of nanotheranostics (G2-4DOTA/Gd/DOX)  

 

In order to further develop theranostics, we wanted to encapsulate the anticancer drug 

doxorubicin (DOX) within the nanomicelles of G2-4DOTA/Gd. Similarly, we used film 

dispersion method to prepare the DOX-encapsulating G2-4DOTA/Gd nanomicelles (Figure 5.16). 

We varied the ratio of G2-4DOTA/Gd and DOX from 1:2 (formulation [A]), 1:1 (formulation [B]) 

to 2:1 (formulation [C]) (Figure 5.17 and Figure 5.18). To do this, the MeOH/CHCl3 solutions of 

C18-G2-4DOTA and DOX at the above-mentioned ratios were dried under vacuum to obtain 

homogeneous films, which were then hydrated using ultrasound sonication, followed by 

purification using dialysis. We denoted the so-obtained nanomicelles as G2-4DOTA/Gd/DOX. 

 

 

 

Figure 5.16. Self-assembly of doxorubicin-encapsulated nanomicelle G2-4DOTA/Gd/DOX. 

 

 

The sizes and stability of these DOX-encapsulated nanomicelles were studied using dynamic 

light scattering (DLS) analysis. The sizes were steady except for the ratio of 1:1 of G2-4DOTA/Gd 

and DOX (formulation of [B]). However, the micelles formed with G2-4DOTA/Gd/DOX = 1:2 

(formulation of [A]) were too small for being an effective delivery nanosystem for drug delivery 

(Figure 5.17). Furthermore, the most important parameter, zeta potential, remained hardly 

changed for at least one week indicating the good stability for the micelles formed with G2-

4DOTA/Gd/ DOX at ratios of 1:1 (formulation of [B]) and 2:1 (formulation of [C]) (Figure 5.18).  
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Figure 5.17. Sizes of G2-4DOTA/Gd/DOX with different NP formulation. 

(Dm: G2-4DOTA/Gd) 

 

 

 

Figure 5.18. Zeta potentials of G2-4DOTA/Gd/DOX with different NP formulation. 

(Dm: G2-4DOTA/Gd) 
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We also investigated the drug loading capacity (DL) and encapsulation efficiency (EE) of G2-

4DOTA/Gd/DOX from these three ratios of preparations (Table 5.1). Drug loading (DL) means 

the mass fraction of the active drug within the drug formulation, whereas drug encapsulation 

efficiency (EE) denotes the fraction of drug incorporated into the drug formulation compared with 

the total amount of drug that added for the preparation of drug formulation. The DL in formulation 

[C] appeared to be lower than the formulation [B] apparently, but the maximum of encapsulation 

efficiency (EE) were 54% and 69% for formulation [B] and [C] respectively. To summarize, the 

G2-4DOTA/Gd/DOX with the loading ratio of 2:1 was the best formulation, exhibiting promising 

stability with stable sizes and zeta potentials as well as the very good EE value. 
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Table 5.1. Drug loading capacity (DL) and encapsulation efficiency (EE) analysis of different NP 

ratios of G2-4DOTA/Gd/DOX. 

Dm : DOX 
[A] 

1 : 2 

[B] 

1 : 1 

[C] 

2 : 1 

DL (%) 49 17 18 

EE (%) 65 54 69 

 

 

In addition to the above approach for constructing the supramolecular dendrimer-based 

nanotheranostics, we also attempted another alternative route, namely, firstly self-assemble C18-

G2-4DOTA encapsulated the anticancer drug DOX, followed by chelating with Gd(III) to 

establish the desired theranostics (Figure 5.19A). Interestingly, this construction route led to the 

formation of nanoparticles with size of 136 nm (Figure 5.19B) instead of small micellar 

nanoparticles. Also, the formed C18-G2-4DOTA/DOX complexes were of the size around 120 nm. 

Considering the observed size dimension of these nanosystems, we hypothesized that nanovesicles 

instead of nanomicelles were formed using this preparation method (Figure 5.20). Curiously, the 

so-formed nanosystems seemed not stable and rearranged into small micellar nanostructures after 

1 day. These small micellar nanoassemblies appeared to be stable and retained this micellar size 

and zeta-potential of -15 mV even after 1 week. It is to note that the drug loading content was less 

than 1% when using route II. Therefore, route II is not a method of choice to recommend for 

constructing the desired nanotheranostics G2-4DOTA/Gd/DOX (Figure 5.21). 

 

 

 

Figure 5.19. Sizes of G2-4DOTA/Gd/DOX prepared by (A) route I and (B) route II. 
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Figure 5.20. Hypothetic vesicle formation of G2-4DOTA/Gd/DOX via route II. 

 

 

 

Figure 5.21. Stability analysis of G2-4DOTA/Gd/DOX via route II based on the DLS results 

standing after 1 h, 1 day (d) and 1 week (w), respectively. 
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4. Summary 

 

In this chapter, we presented our rational and effort to explore self-assembly strategy to create 

supramolecular dendrimer nanostructure to construct theranostics with integration of diagnosis and 

therapeutic platform within our self-assembling supramolecular dendrimer nanosystems. To do 

this, a small amphiphilic dendron with a hydrophobic alkyl chain and a hydrophilic PAMAM 

dendritic wedge harboring four DOTA-conjugated terminals C18-G2-4DOTA was devised. The 

synthesis of C18-G2-4DOTA was achieved by conjugating the amine-terminating with DOTA-

entities, followed with the chelation of metal ions of Gd(III) for MRI purpose, and finally self-

assembled into supramolecular dendrimer nanomicelles encapsulated the anticancer drug 

doxorubicin (DOX) for constructing the nanotheranostics. The so-obtained dendrimer 

nanoassemblies were small in size (7.1 nm) yet with relatively high drug payload and being stable 

and robust for over 1 month. These nanosystems are intended to harness the large interior void of 

the supramolecular dendrimer for high drug loading to achieve better therapeutic effect while 

making use of the multivalent accumulating effect of the dendrimer terminals for enhancing the 

local concentration of imaging agent for better MRI quality. We hold great expectation for the self-

assembly approach to construct supramolecular dendrimer nanosystems in nanotechnology-based 

biomedical applications for cancer treatment. 
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5. Experimental Section 

 

General 
 

The reagent DOTA-GA(tBu)4 (174) was purchased from CheMatech (Dijon, France) and other 

chemicals were purchased from Acros, Sigma Aldrich or Alfa Aesar. Methyl acrylate, 

ethylenediamine, trimethylamine, dichloromethane and methanol were dried according to the 

described methods and distilled before use. The other chemicals were used without further 

purification. Chromatography was prepared on silica gel (Merck 200-300 mesh). 1H NMR spectra 

were recorded at 400 or 500 MHz and 13C NMR spectra recorded at 100 MHz on Bruker Avance 

III 400, Bruker Avance III 500 or JEOL ECS 400 spectrometers. Chemical shifts (δ) are expressed 

in parts per million (ppm) with the residual peak of CDCl3 at 7.26 ppm or CD3OD at 3.31 as 

internal reference. The high-resolution mass spectra (ESI-MS) were obtained with an electrospray 

ionization (ESI) using mass spectrometer QStar Elite (Applied Biosystems SCIEX, Concord, 

Canada). The exact mass measurement was done in triplicate with a double internal calibration. IR 

spectra were recorded with an ALPHA FT-IR spectrometer (Bruker, France). Analytical thin layer 

chromatography (TLC) were performed using silica gel 60 F254 plates 0.2 mm thick with UV light 

(254 and 364 nm) as revelator. 
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General synthesis of PAMAM dendrons 

 

G1.5 PAMAM dendron (178) 

 

 

The precursors G1.5 PAMAM dendron 178 and hydrophobic chain 181 (C18-N3) were 

synthesized according to processes reported by our group.25 

To briefly summarize, 178 was synthesized by iterative Michael addition and amidation 

reactions starting from propargylamine (175). 175 was subjected to reaction with methyl acrylate 

(35) and produced the ester-terminated dendron 176 (G0.5) through Michael addition. After 

amidation with ethylenediamine (EDA, 88) was transformed into the amine-terminated dendron 

177 (G1). With a repeated cycle of Michael addition, desired product 158 was finally obtained in 

a good overall yield of 65%. 
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176 (G0.5) 

1H NMR (400 MHz, CDCl3): δ 3.67 (s, 6H), 3.42 (s, 2H), 2.84 (t, 4H, J = 7.2 Hz), 2.47 (t, 4H, J = 

6.8 Hz), 2.19 (s, 1H). 

 

177 (G1) 

1H NMR (400 MHz, CDCl3): δ 7.24 (br, 2H), 3.45 (s, 2H), 3.26-3.30 (m, 4H), 2.80-2.85 (m, 8H), 

2.38 (t, 4H, J = 6.0 Hz); 2.22 (t, 1H, J = 2.4 Hz), 1.47 (br, 4H). 

 

178 (G1.5) 

1H NMR (400MHz, CDCl3): δ 7.09 (br, 2H), 3.67 (s, 12H), 3.46 (d, 2H, J = 2.0), 3.27-3.32 (m, 

4H), 2.85 (t, 4H, J = 6.4 Hz), 2.76 (t, 8H, J = 6.8Hz), 2.54 (t, 4H, J = 6.0Hz), 2.37-2.45 (m, 12), 

2.19 (br, 1H). 

 

Synthesis of hydrophobic chains 181 (C18-N3) 

 

For hydrophobic chain 181 (C18-N3), it was easily achieved via a simple substitution reaction 

of octadecylamine (179) with imidazole-1-sulfonyl azide (180). 

 

 

 

 

 

181 (C18-N3) 

1H NMR (400 MHz, CDCl3): δ 3.25 (t, 2H, J = 6.8 Hz), 1.60 (m, 2H), 1.25(s, 30H), 0.88 (t, 3H, J 

= 6.4 Hz). 
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Synthesis of 163 (C18-G1.5) 

 

 

 

To a 25 mL two-neck round-bottom flask was sealed and purged with argon, a solution of 181 

(C18-N3) (250.30 mg, 0.399 mmol) and 178 (G1.5) (129.4 mg, 0.438 mmol) in THF (8.00 mL) 

was added, followed by a solution of CuSO4˙5H2O (4.98 mg, 0.020 mmol) in H2O (2.00 mL). 

Then sodium ascorbate (7.89 mg, 0.040 mmol) was added. The resulting solution was stirred at 60 

oC for 2 h under argon until the reaction was completed indicated by TLC analysis. Then THF was 

removed under reduced pressure, the obtained residue was dissolved in 15.0 mL DCM and washed 

with saturated NH4Cl(aq) (10.0 mLx3). The organic phase was dried with MgSO4, filtrated and 

concentrated. The crude product was purified by column chromatography on silica gel with 

DCM/MeOH = 20/1, giving the corresponding 182 (C18-G1.5) as a colorless oil (311.20 mg, 84%). 

1H NMR (400 MHz, CDCl3): δ 7.51 (s, 1H), 7.13 (br, 2H), 4.29 (t, 2H, J = 7.2 Hz), 3.81 (s, 2H), 

3.64 (s, 12H), 3.24-3.28 (m, 4H), 2.71-2.78 (m, 12H), 2.51 (t, 4H, J = 6.0 Hz), 2.39-2.43 (m, 12H), 

1.86 (br, 2H), 0.97 (br, 30H), 0.60 (t, 3H, J = 6.8 Hz).
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Synthesis of C18-G2 

 

 

     To a solution of 182 (C18-G1.5) (298 mg, 0.323 mmol) in MeOH (4.00 mL) under argon, was 

added EDA (88) (1.50 mL, 22.4 mmol) slowly. The reaction mixture was stirred at 30 °C for 3 

days until the reaction was completed indicated by IR analysis. Then the solvent was evaporated 

under reduced pressure, the obtained residue was purified by dialysis using dialysis tube of MWCO 

500 in deionized water (800-1000 mL) (dialysis protocol: the water was changed every 1 h for 

seven times). The product was lyophilized to yield the corresponding C18-G2 as a lightly yellowish 

solid (313.20 mg, yield: 90%). 1H NMR (400 MHz, CDCl3): δ 8.06 (br, 2H), 7.64 (br, 4H), 7.49 

(s, 1H), 4.30 (t, 2H, J = 8.0 Hz), 3.76 (s, 2H), 3.20-3.29 (m, 20H), 2.70-2.82 (m, 12H), 2.33-2.38 

(m, 20H), 2.02 (br, 8H), 1.86 (br, 2H), 1.22 (s, 30H), 0.85 (t, 3H, J = 8.0 Hz). 
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Preparation of DOTA-conjugated dendrimer C18-G2-4DOTA 
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To a solution of DOTA-GA(tBu)4 (174) (325.0 mg, 0.464 mmol) in DMF (4.00 mL), was added 

PyBOP (242.1 mg, 0.465 mmol) and NMM (82.0 mg, 0.583 mmol). The mixture was stirred for 5 

min and then C18-G2 (31.0 mg, 0.030 mmol) in DMF (2.00 mL) was added and the solution was 

stirred at 30 oC for 3 days under argon. Thereafter, saturated NaHCO3 (20.0 mL) was added to the 

solution and EA (15.0 mLx3) was used for extraction. The organic layer was collected, dried with 

MgSO4, filtrated and evaporated. Next this crude product was dissolved in TFA/DCM (3.00 mL, 

v/v = 1/1) mixture and stirred at rt for 24 h under argon. After evaporating the solvent, the obtained 

crude product was purified by dialysis (dialysis tubing, MWCO 2000) and lyophilized. Repeating 

the operation of dialysis and lyophilization 7 times, the product was lyophilized to yield the 

corresponding C18-G2-4DOTA as a brownish solid (72.2 mg, yield: 84%). 1H NMR (400 MHz, 

D2O): δ 8.27 (s, 1H), 4.50 (br, 2H), 4.34 (br, 2H) 3.83-2.70 (m, 138H), 2.34 (br, 4H), 2.18 (br, 4H), 

1.86 (br, 12H), 1.15 (br, 30H), 0.75 (s, 3H); 13C NMR (100 MHz, D2O) δ 176.5, 175.3, 173.4, 

172.4, 171.7, 135.8, 127.5, 66.3, 57.8, 51.3, 49.7, 47.1, 46.9, 38.9, 38.5, 36.5, 32.8, 32.0, 29.9, 

29.5, 29.1, 28.8, 27.8, 26.4, 24.8, 22.7, 14.1. ESI(+)-HRMS: calcd for C127H226N32O42
4+ [M+4H]4+ 

718.1634; found at m/z .718.1633 (error: -0.1 ppm). 

 

 

DLS study 

 

To prepare the DLS samples, 2.8 mg of C18-G2-4DOTA was first dissolved in MeOH/CHCl3 

(v/v = 6/1, 2 mL) in a 10 mL of round bottom flask, followed by evaporation of the solvent with a 

rotary evaporator to form a thin film on the inner wall of the flask. 5 mL of deionized H2O was 

then added and the solution was submitted to ultrasound to facilitate the dendrimer dispersion in 

the aqueous medium with the final concentration of dendrimers was 195 μM. The resulting 

solution was filtered by a Nylon membrane (0.45 μm with polypropylene housing, WhatmanTM) 

The size distribution of nanoparticles was determined by DLS using Zetasizer Nano-ZS (Malvern, 

Ltd.) with a He-Ne ion laser of 633 nm at 25oC. 
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Synthesis of Gd-chelated C18-G2-4DOTA (G2-4DOTA/Gd) 
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The solid C18-G2-4DOTA (5.02 mg, 1.75 µmol) was dissolved in H2O (5.00 mL) and the pH 

value adjusted to 6.5 with 1N NaOH. To this solution was added GdCl3 (7.38 mg, 0.028 mmol) 

successively in three portions and the pH value was adjusted to 6.5 at each addition. The mixture 

was stirred for 24 h at 50 oC under Argon. Thereafter, the obtained crude product was purified by 

dialysis (dialysis tubing, MWCO 2000) and lyophilized to yield the corresponding G2-

4DOTA/Gd as a white solid (5.56 mg, yield: 92%). ESI(+)-HRMS: calcd for C127H213Gd4N32O42
3+ 

[M+3H]3+ 1163.0835; found at m/z 1163.0825 (error: -0.9 ppm). 

 

 

DLS study 

 

To prepare the DLS samples, 5 mg of G2-4DOTA/Gd was first dissolved in MeOH/CHCl3 (v/v 

= 4/1, 2 mL) in a 10 mL of round bottom flask, followed by evaporation of the solvent with a rotary 

evaporator to form a thin film on the inner wall of the flask. 5 mL of deionized H2O was then 

added and the solution was submitted to ultrasound to facilitate the dendrimer dispersion in the 

aqueous medium. The final concentration of dendrimers was 287 μM. The resulting solution was 

filtered by a Nylon membrane (0.45 μm with polypropylene housing, WhatmanTM). The size 

distribution of nanoparticles was determined by DLS using Zetasizer Nano-ZS (Malvern, Ltd.) 

with a He-Ne ion laser of 633 nm at 25oC. 
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Doxorubicin encapsulation of G2-4DOTA/Gd(G2-4DOTA/Gd/DOX) 

 

Route I. 1.7 mg (2.0 eq, 2.9 mmol) of doxorubicin hydrochloride (DOX・HCl) was dissolved in 

MeOH/CHCl3 (v/v = 3/2, 0.5 mL) in a 10 mL of round bottom flask and treated with 3.0 eq Et3N 

for 10 min. Then a MeOH/CHCl3 (v/v = 3/2, 2.0 mL) solution of G2-4DOTA/Gd (5.1 mg, 1.0 eq, 

1.5 mmol) was added, followed by evaporation of the solvent with a rotary evaporator to form a 

thin film on the inner wall of the flask. Afterward, 5.0 mL of deionized H2O was then added and 

the solution was submitted to ultrasound to facilitate the dendrimer dispersion in the aqueous 

medium. The resulting solution was filtered by a Nylon membrane (0.45 μm with polypropylene 

housing, WhatmanTM). The size distribution of nanoparticles was determined by DLS using 

Zetasizer Nano-ZS (Malvern, Ltd.) with a He-Ne ion laser of 633 nm at 25oC. 

 

*Different ratios of formulation were followed this procedure with different drug loading 

accordingly. 

 

 

Route II. 1.3 mg (2.0 eq, 2.2 mmol) of doxorubicin hydrochloride (DOX・HCl) was dissolved in 

MeOH/CHCl3 (v/v = 3/2, 0.5 mL) in a 10 mL of round bottom flask and treated with 3.0 eq Et3N 

for 10 min. Then a MeOH/CHCl3 (v/v = 6/1, 2.0 mL) solution of C18-G2-4DOTA (3.2 mg, 1.0 eq, 

1.1 mmol) was added, followed by evaporation of the solvent with a rotary evaporator to form a 

thin film on the inner wall of the flask. Afterward, 5.0 mL of deionized H2O was then added and 

the solution was submitted to ultrasound to facilitate the dendrimer dispersion in the aqueous 

medium and adjusted the pH value to 6.5 with 1N NaOH. To this solution was added GdCl3 (4.7 

mg, 17.8 mmol) successively in three portions and the pH value was adjusted to 6.5 at each addition. 

The mixture was stirred for 24 h at 50 oC under Argon. Thereafter, the obtained crude product was 

purified by dialysis (dialysis tubing, MWCO 2000). The resulting solution was filtered by a Nylon 

membrane (0.45 μm with polypropylene housing, WhatmanTM). The size distribution of 

nanoparticles was determined by DLS using Zetasizer Nano-ZS (Malvern, Ltd.) with a He-Ne ion 

laser of 633 nm at 25oC. 
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Chapter IV: Conclusions and perspectives 

 

 

1. Conclusions 

 

Dendrimers hold great promise for a wide range of applications by virtue of their distinct 

ramified architecture, well-defined structure and multivalent cooperativity. Unfortunately, 

dendrimer synthesis suffers from inherent problems of structural defects caused by incomplete 

reactions and difficulties associated with dendrimer purification because of the presence of side-

products with similar properties. For these reasons, alternative synthetic approaches to overcome 

the limitations of current dendrimer synthesis are in high demand. The objective of my PhD thesis 

is to contribute to this area and advance dendrimer synthesis by exploring solid-phase and self-

assembly approaches to complement current dendrimer synthesis techniques and enable the 

creation of structurally diverse dendrimers as new molecular paradigms and functional materials 

for a wide range of applications.  

 

 

1.1. Solid-phase synthesis of various dendrimers 

 

The first part of my PhD project mainly focused on solid-phase dendrimer synthesis (SPDS). 

First of all, we presented a brief overview to highlight the current state of solid-phase dendrimer 

synthesis. In order to overcome the limitations associated with PAMAM dendrimer synthesis using 

traditional iterative steps of Michael addition and amidation, we established a novel and 

convenient approach for the solid-phase synthesis of inverse PAMAM dendrimers via amide bond 

formation using peptide synthesis chemistry. The synthesis was achieved by using the AB2 type 

building block (41), which harbors both a carboxylic acid terminal and an amine terminal along 

with a tertiary amine branch point. As the synthetic approach was based on amide bond formation, 

it effectively precluded the formation of side-products that are typically associated with the 

Michael addition and amidation in the traditional synthesis of PAMAM dendrimers (Scheme 1). 
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A comparison with the conventional approach revealed that fewer reaction steps were needed and 

a smaller amount of the building blocks was required to obtain dendrimers of similar generation 

with high yields. In addition, reducing the loading ratio of the resin allowed effective synthesis of 

the high-generation dendrimers G6 and G7, highlighting that the steric hindrance among 

neighboring molecules on the solid support is the major obstacle in solid-phase synthesis of higher 

generations of dendrimers. Hence, reducing the loading ratio of the resin constitutes an effective 

solution for preparing high-generation dendrimers. 
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Scheme 1. PAMAM dendrimer synthesis through a solid-phase approach using the designed 

building block (41). 
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We next performed the solid-phase synthesis of a small library composed of triazine 

dendrimers bearing a variety of surface terminals (Scheme 2). Starting with Rink-amide resin, 

iterative reactions with the cyanuric chloride (76) and the diamine linker (81) allowed dendrimer 

growth to proceed steadily. In addition, the amine- and dichlorotriazine-terminated dendrimers 

could be tracked and revealed using the Kaiser test and the AliR test respectively. This offers an 

efficient approach to monitor the reaction process and hence the dendrimer growth. Notably, 

dichlorotriazine-terminated dendrimers could react selectively with four different combinations 

(83-86) of nucleophiles, generating a library of triazine dendrimers with multifunctional surfaces 

in a total yield of 81-87%. The whole preparation process was accomplished within one week. The 

approach developed in this work can also be applied to rapidly access various triazine dendrimers 

and construct a large library of diverse triazine dendrimers for various applications. 
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Scheme 2. Solid-phase synthesis of triazine dendrimer libraries with four combinations of terminals.
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Encouraged by the promising results, we further explored the solid-phase approach to 

synthesize poly(aminoester) dendrimers. The only difference between poly(aminoester) and 

PAMAM dendrimers is that the amide functions in PAMAM dendrimers are replaced by ester 

linkages. Therefore, we attempted to synthesize poly(aminoester) dendrimers using a strategy 

similar to the one we developed for the solid-phase synthesis of PAMAM dendrimers, except that 

we adapted it for ester formation by using the AB2 type building units with Kaiser oxime resin 

(Scheme 3). Regrettably, this method was not able to yield the desired dendritic molecules, 

presumably because the labile ester linkages were damaged during the resin cleavage. We then 

turned to the photolabile resin in the hope that the resin cleavage could be accomplished using 

photo-irradiation, thus avoiding the damage to the ester functionalities. Unfortunately, our pilot 

study using this approach was not yet successful in delivering the expected dendrimers. Further 

studies are necessary to clarify the underlying problems associated with poly(aminoester) 

dendrimers upon photo-irradiation.  
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Scheme 3. Solid-phase synthesis of poly(aminoester) dendrimers, which failed due to 

decomposition at the cleavage step. 

 

 

In conclusion, solid-phase synthesis sets the stage for the construction of diversified dendrimers 

in a concise and rapid manner. Practical implementation of solid-phase synthesis in both academic 

research and industrial production may further expand the applications of dendrimer chemistry. 

We expect that further research will deliver more effective methods for solid-phase dendrimer 

synthesis, which can be extended into the area of biomedical and material sciences. 
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1.2. Self-assembly synthesis of supramolecular dendrimers as 

nanotheranostics 

 

The second topic of my PhD project is to use the self-assembly approach to construct 

supramolecular dendrimers as nanotheranostics for bioimaging and drug delivery (Figure 8). For 

this purpose, a DOTA-conjugated amphiphilic dendrimer C18-G2-4DOTA was established. The 

synthesis of C18-G2-4DOTA was achieved by conjugation of the amine-terminating PAMAM 

dendrimer C18-G2 with DOTA-entities, followed by chelation of Gd(III) metal ions for MRI 

purposes, and finally self-assembly of the molecules into supramolecular dendrimer nanomicelles 

to encapsulate the anticancer drug doxorubicin (DOX), thus delivering the nanotheranostic. The 

so-built dendrimer nanoassemblies were small in size (6-7 nm), yet with a relatively high drug 

payload, and were stable and robust. Collectively, our results demonstrate that the self-assembly 

approach constitutes a promising new means to build up supramolecular dendrimer nanosystems 

for constructing multifunctional nanoparticles for diagnosis and therapy. The self-assembly 

synthetic strategy is not only a milestone in creating supramolecular dendrimers, but also holds 

great promise for generating functional nanosystems for biomedical applications in general. 
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Figure 8. Synthesis of C18-G2-4DOTA, G2-4DOTA/Gd/, and then DOX-encapsulated 

nanomicelles G2-4DOTA/Gd/DOX, via the self-assembly approach. 
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2. Perspectives 

 

Construction of functional molecules with novel composition, architecture and properties is one 

of the principal missions for chemists. Dendrimers, with their distinct ramified architecture, well-

defined structure and multivalent cooperativity, constitute an extremely interesting class of 

molecules with unique properties for scientists to exploit in various applications including energy 

production, environmental protection, health care etc. Since its conception three decades ago, the 

characteristic multi-step process for dendrimer synthesis still requires tremendous effort, which 

greatly handicaps the development of dendrimers and limits their applications. Continuing 

improvements in dendrimer synthesis are in high demand. In my PhD thesis, we have explored 

both solid-phase and self-assembly approaches for dendrimer synthesis, which proved to be 

effective and enabled the creation of dendrimers for further specific applications. This provides us 

with the following perspectives: 

 

2.1. Dendrimer synthesis and library construction via the solid-phase approach 

 

The growing importance of solid-phase chemistry in organic chemistry has resulted in 

remarkable technological and synthetic advances in the field.1 Over the past decade, the great 

majority of studies on dendrimer library construction have been based on peptide chemistry, which 

has been well elaborated by Reymond and co-workers. In their work, they developed a general 

method for synthesizing and decoding diversified peptide dendrimer libraries, and the resulting 

dendrimers have been used as versatile synthetic enzyme models as well as for drug delivery.2-6 

Based on the results of solid-phase construction of a small triazine dendrimer library obtained 

during this PhD project, we will continue our efforts in dendrimer synthesis and library 

construction via the solid-phase approach (Scheme 4). We would like to build up triazine 

dendrimers with various linkers (groups A and B) as branching units, in order to diversify both the 

interior and surface functionalities. These versatile terminal and interior functionalities are well-

suited for host-guest interactions and catalysis where the functional motifs are important. 

Preliminary work has shown encouraging results, suggesting that a low-generation dendrimer 

library with mixed interior branches can be constructed.
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Scheme 4. Solid-phase synthesis of a triazine dendrimer library with versatile interior branching units (groups A and B).
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2.2. Self-assembling supramolecular nanotheranostics for MRI and 

PET/SPECT imaging  

 

In my PhD project, we used an ingenious self-assembly approach to successfully construct 

dendrimer nanosystems for theranostic purposes (Figure 9). These nanosystems facilitate MRI-

based cancer imaging in combination with doxorubicin-based cancer chemotherapy. The building 

unit for constructing such a supramolecular dendrimer nanosystem is simply a small amphiphilic 

dendrimer C18-G2-4DOTA, which is composed of a hydrophobic alkyl chain and a hydrophilic 

PAMAM dendritic wedge with four DOTA-conjugated terminals. By chelating the DOTA units 

with Gd(III), we established supramolecular dendrimers for MRI-based imaging. Alternatively, we 

can also chelate DOTA with radionuclides such as Ga3+, 90Y3+ and 111In3+ for PET/SPECT-based 

cancer imaging. While MRI has superior resolution with the potential to detect small tumor lesions, 

PET/SPECT is the most sensitive method for cancer imaging. A combination of MRI with 

PET/SPECT thereby offers multimodal imaging with both high resolution and high sensitivity. 

Using the same amphiphilic dendrimer C18-G2-4DOTA to chelate with different metal ions, we 

can achieve different imaging modalities, hence realizing combined MRI- and PET/SPECT-based 

multimodal imaging for accurate, sensitive cancer imaging and early, precise cancer diagnosis. 

Similar to the supramolecular dendrimer nanoassembly G2-4DOTA/Gd/DOX that we 

developed for MRI-based theranostics, we can also encapsulate the anticancer drug doxorubicin 

within the G2-4DOTA/Ga or G2-4DOTA/In nanosystems for PET- or SPECT-based theranostics. 

These supramolecular dendrimer nanoassemblies integrate therapeutic and diagnostic platforms, 

allowing us to diagnose and treat cancer at the same time as well as to assess the therapeutic 

efficacy for personalized medicine.7-9 We hope to reach a better understanding of the use of 

nanotheranostics in integrating multimodal imaging and therapeutic platforms for cancer treatment 

in general, moving our research results towards clinical applications. 
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Figure 9. Gd-, Ga-, and In-based nanotheranostics G2-4DOTA/Gd/DOX, G2-4DOTA/Ga/DOX and G2-4DOTA/In/DOX for MRI 

and PET/SPECT imaging
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