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ABSTRACT 
 

Developing new smart materials and tracking their structural potential have been in focus for curing disease and other 
applications such as catalyzing biomolecules like proteins and selective bioremediation of toxic metals, dyes, pesticides have 
been thrust areas of research in the field of materials and biomaterials sciences. Since materials are most important need of the 
society which develops somewhere food, drug, fuel, protective cover, defense materials, fire resistant and acoustic mechanism, 
UV sensitive, UV absorbing, solar radiation trapping activities. In this context, the dendrimers have been considered as ideal 
and smart materials to be applied for wider applications and directly, indirectly or catalyze modulator and many others. Thus, 
the dendrimers act as smart materials and the synthesis of such architectural and potential molecules is being considered as a 
new thrust area for multitasking materials with better activities to catalyze chemical and biochemical processes. The 
multifunctional materials of multipurpose uses with several dendrimeric branching, having innumerable binding sites and are in 
high demands for their drug binding, loading potential and bio coatings. Copyright © 2016 VBRI Press. 
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Fig. 1. General structure of dendrimer. 
 

 

Introduction 

The terminology ‘dendrimers’ originated from the Greek 
nomenclature, emanating from two words, viz. ‘dendron’, 
meaning tree and ‘meros’ that signifies a part or a sense  
of belonging. Essentially, dendrimers signify the  
giant molecules which have an intensively branched  
3-dimensional (3D) structure, monodispersed character  
and are structurally polyvalent with precisely defined 
molecular structures. Several other terminologies also 
prevail with the help of which dendrimers are known in the 
scientific world such as cascade molecules, arborols and 
cauliflower with dynamic and highly useful building units 

because of their unique structure and properties [1-6]. Two 
essential features of dendrimers that are frequent with other 
similar naturally occurring systems are their globular 
structure and polyvalent character. Besides this, these 
molecules possess monodispersity and highly branched  
3D architecture which makes their structural engineering 

easy and impart those extraordinary functionalities [7-8] as 

shown in Fig. 1. Due to these features, dendrimers have 
been increasingly employed for structural tagging  
and biosynthetic applications by imparting them a 
biocompatible morphology. This is also evident from  
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their practically proven applications in the biomedical 
domain. 

Interestingly, the synthetic organic chemistry witnessed 
the unveiling of cascade molecules as dendritic structures 
for the first time through the efforts of Vogtleand co-

workers [9]. The gradual introduction of advanced 
synthetic methods led to the formation of larger dendritic 
assemblies was obtained and named as dendrimers.  

The first ever discovered the dendritic structure was 

reported by Denkewalter et al. in 1981 [10]. The dawn of 
1980’s saw the immensely deep inroads being built to study 
and synthesis of dendrimers through the publication of 

original works conducted by Vogtle [11], Tomalia [12] and 

Newkome [13], through which the contribution of different 
research groups regarding the development of synthetic 
methodologies and efforts to employ dendrimers for 

specific applications came to the forefront [3, 13].  
One of the eye catching features of dendrimers is the 

possibility of numerous functional entities on the surface 
presenting larger scope for functionalization and 

engineering with numerous applications [14, 15]. These 
attributes are vitally responsible for the numerous 
applicability of dendrimers in the vast domains such as 

catalysis [16], chirality recognition [17], formation of 

unimolecular micellar networks [18], analysis of host-guest 

chemistry [19], optimization of light harvesting [20-22] and 

synthesis of liquid crystalline materials [23-30]. The 
polymeric nature of dendrimers makes it a highly enriched 
feature by optimizing the repeated units in the structure into 
functionally diverse assemblies.  

The diversity is suited particularly to their large scale 
synthetic applications as the repeating units ranging from 
pure hydrocarbons to peptides and sometimes even the 
coordination compounds. The two most commonly used 
dendrimers are composed of poly (amidoamine) (PAMAM) 

[12] and poly (propyleneimine) (PPI) functionalities. These 
have been produced at the industrial scale and are routinely 
used for commercial purposes as well; the research work 
focuses on the divergently synthesized PPI dendrimers, 

which have been independently reported by Mulhaput [31] 

and De Brabander [32]. Dendritic structures are quite 
commonly observed in nature. The hyperbranched 
structures of these molecules impart them the advantage of 
displaying a particular characteristic motif in multivalent 
manner, which is the prime factor responsible to impart 
synergistic enhancements of the characteristic functions.  

Of late, in an interesting revelation, a scientific report on 
the dry adhesion of Geckos feet to surfaces has pointed out 
that this foot is constituted by a dendritic network of hairs 
which ultimately results in the establishment of millions of 
foot hairs. These foot hairs are responsible for the genesis 
of extraordinary strong adhesive forces which also include 
van der Waal forces that act locally between each foot hair 
and the corresponding surface. Surprisingly, despite the 
large molecular size, dendrimers are structurally well-
defined with comparatively lower polydispersity as 
compared to traditional polymers. On a molecular level, the 
dendritic branching in these giant molecules results in semi-
globular to globular structures. A vital feature of all these 
structures is the presence of high functionality on the 
surface despite of having a small molecular volume.  

Due to globular texture, the dendrimers with larger 
generation, occupy a smaller hydrodynamic volume when 
compared to corresponding linear polymers. Interestingly, 
in comparison of globular proteins, dendrimers have a 
larger hydrodynamic volume. The dendritic structure of 
dendrimers is mainly characterized by the presence of 
layers that are present between each focal point (or 
cascade). The number of these layers is frequently defined 
as the generation or functionality of a dendrimer. For 
illustration, a G5 dendrimer has 5 cascade points when we 
move from core towards the surface. The numeric 
terminology used for core is zero as there are no cascades 
points present in it. For instance, in case of PPI dendrimer, 
the core is 1,4-diaminobutane which possesses no cascade 
points; whereas in a PAMAM dendrimer, the core is 
constituted of ammonia and related moieties. Importantly, 
in PAMAM hydrogen substituents are not considered as 

focal points [31-33]. In PAMAM dendrimers, the 
intermediary molecules bearing carboxylate groups on the 
surface are designated as half generation (G1.5 or G2.5) 
dendrimers. 

The designing of dendrimers is synergically based that is 
composed of a large variety of branching, such as 

polyamines in PPI dendrimers [9], a mixture of polyamides 

and amines in PAMAM dendrimers [33] or built up by 
several hydrophobic aryl ether subunits that prevail in a 

polymeric form [34]. Some of the very recent 
configurations of dendrimer design are based on 

carbohydrate [35], calixrane subunit core structures [36] 
and third period elements such as silicon and phosphorous 

[37]. Due to a great deal of structural and synthesis based 
approaches being employed to create these multifunctional 
structures, PAMAM and PPI dendrimers have been 
extensively employed for biomedical applications that are 
based on their specific and localized interactions with the 
biological systems.   
  

Physicochemical properties of dendrimers 

Interesting applications of dendrimers stem are found from 
the literature that with the addition of each additional 
functional unit, the structural components of the dendritic 
structure begin to show the characteristic features that are 
more intensively expressed with every successive increase 
in a generation. Overall, a typical dendrimer structure can 
be assumed to be consisting of three units, namely: 
 
(i) A multivalent surface with a structural provision of 

multiple chemical moieties tagging and thereby 
imparting high functionality to the overall molecule. 
Sometimes the surface of a dendrimer molecule can act 
as a shielding layer for the dendrimer molecule from the 
chemical fluctuations taking place in the vicinity. As a 
consequence of this phenomenon, sometimes the 
molecule gets extensively closer and it further affects 
the diffusion of several useful solvent molecules into the 
dendrimer interior.  
 

(ii)  The outer shell, which has a very specific environment, 
ensured in part by its shielding from the surroundings 
through the dendrimer surface. These are the 
characteristic large number of functionalities  
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prevalent on the dendrimer surface as well as the  
outer shell which makes this molecule highly  
suitable for a range of diverse host-guest interactions 
and catalysis, where a close structural proximity  
of the enclosed functional motifs is very  
essential.  

 

(iii) The core, which is the innermost region in a  
dendrimer molecule. As the dendrimer generation 
increases the tendency of getting shielded from the 
surroundings by the dendritic wedges also increases. 
This leads to the creation of specific localized 
surroundings within a dendrimer molecule that is 
significantly different from the one in outer vicinity. 
For instance, water soluble dendrimers with non-polar 
moieties in the interior have been engineered to carry 

hydrophobic drugs into bloodstream [38]. The identity 
of the distinct three units of a dendrimer molecule can 
be manipulated with respect to accomplish with the 
design and usage for particular applications such as 
diverse as drug delivery, molecular sensors, enzyme 
mimicking and many others. A careful glance at the 
molecular size and physicochemical properties of the 
dendrimers reflects that the molecular size limits of a 
higher generation dendrimer are comparable with that 

of the medium sized protein molecules [39]. It is due to 
this that very early in history of dendrimer exploration, 
it was being speculated that these are the nanoscale 
polymers that can be used as building blocks of 

synthetic proteins via biological mimicking [40].  
A differentiating feature of such dendrimer structure is 
the presence of a large number of multifunctional 
groups on the surface as compare to proteins of  
similar size. It can be well judged from the fact that the 
weight of a G6-PAMAM dendrimer is almost only  
half that of protein (ovalbumin) with comparable 
molecular size. 

 

This is primarily due to the fact that a dendrimer has a 
lower molecular density, which in turn is due to its low 
molecular density (even lower than a protein). On the other 
hand, in a protein, the higher molecular density is due to  
the tightly folding of a linear polypeptide chain into a 
characteristic three dimensional structure through extensive 
intermolecular ion-pairing, hydrogen and hydrophobic 

bonding and disulphide cross binding [41]. On the other 
hand, when compared with linear polymers, the dendrimers 
are generally more compact molecules that occupy a 

smaller hydrodynamic volume [42]. Consistent and 
rigorous investigations of supramolecular dendrimer 
aggregates have revealed that as the generation or the 
functionalization order of a typical dendrimer is  
increased it shows a tendency to become increasingly 
globular in shape (particularly more spherical in  
contrast to being linear) so as to make possible the 
spreading of larger molecular structure with a minimized 
repulsive interaction between the constitutive  

segments [43]. 
 

Biologically and biochemically active dendrimers 

A dendrimer possesses several useful chemicals and 
physical attributes that can be specifically optimized by 

changing the corresponding monomeric unit involved. In a 
typical dendrimer molecule, there exist several functional 
domains for controlling the properties and the 
encapsulation of overall functional units in the dendrimer 
allows for the isolation of the active site. Overall structure 
has a great deal of similarity with a network of active sites 
as located in any other compatible biomaterial because of 
the presence of dendritic scaffolds which operate in a 
highly selective manner to distinctly define the internal and 
external functions. The sections in the text ahead describe 
the various categories of dendrimers with a targeted 
approach to make dendritic giant molecules which are very 
active from biological as well as chemical point of view 
and are thus very useful for different biomedical, 
biochemical and biophysical applications.  

The branching units of dendrimers can be a number of 
biological variants such as those of peptide antigens, 
saccharides, amines, polyesters, melamine, dialkyl 
malonate esters and many others which impart the desired 
biological and biochemical properties to the dendrimer 
structure as a whole. To engineer the dendrimer structure 
for biomedical and drug delivery applications, PAMAM or 

PPI dendrimers [9, 33] can be synthesized by 
functionalizing the outer periphery of the dendrimer surface 
with suitable and complementary biological molecules. 
This method can also be used to design the dendrimers that 
possess biologically active molecules as structural building 
blocks.  
  
Polyamidoamine dendrimers 

In 1985, Tomalia synthesized branched Polyamidoamine 
(PAMAM) dendrimers by the divergent method which also 
known as ‘starburst dendrimers’. These dendrimers are one 
of the very breakthrough molecules in the dendrimer field 
and are extremely useful with respect to their properties and 
engineering potential. During the synthesis of a typical 
PAMAM dendrimer molecule, ethylene diamine as the core 
undergoes a Michael addition reaction with four 
equivalents of methyl methacrylate as branching units 

(Scheme 1) [11]. 
  

 
 
 Scheme 1. Synthesis of PAMAM dendrimers. 

 
In this step, a characteristic aim accomplished is the 

doubling of terminal groups. The subsequent four 
equivalents of ethylene diamine are coupled through 
peptide bond formation, which results in the establishment 
of the primary amine functionality to the surface of a 
practically, 0.0 generation PAMAM dendrimer molecule. 
These two simulations are repeated for each subsequent 
generation 

Finally, ester terminated dendrimers of this type can be 
converted to a carboxylic acid morphology so as to form a 
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half generation dendrimer, i.e. a generation of 0.5 
PAMAM. Interestingly, both amino terminated as well as 
carboxylic acid–terminated dendrimers are commercially 
available. Products up to 10 generations have been 
prepared with a molecular weight more than 930,000 g/mol. 
The Sigma Aldrich commercialized PAMAM dendrimers 
as Trade name Starburst TM. Selected physicochemical 
properties of generation (0-10) PAMAM dendrimer are 

listed in Table 1 [44, 45]. 
 
Table 1. Physicochemical properties of generation (0-10) PAMAM 
dendrimers. 
 

Generation 

number 

Molecular 

Weight  

Diameter  Number of 

NH2 at 

surface 

0 517 1.4 4 

1 1430 1.9 8 

2 3256 2.6 16 

3 6909 3.6 32 

4 14215 4.4 64 

5 28826 5.7 128 

6 58048 7.2 256 

7 116493 8.8 512 

8 233383 9.8 1024 

9 467162 11.4 2048 

10 930000 12.9 4096 

 
 

 

Glycodendrimers 

These are the dendrimers which possess a carbohydrate  
unit in their structure and can be categorized into three 
distinct types, viz. carbohydrate-branched dendrimers, 
carbohydrates as a core in dendrimers or carbohydrate-

based dendrimers [46-48]. Glycodendrimers have 
carbohydrate frameworks that attract both carbohydrate 
chemists and biologists due to their ability to identify 
lectins and increase carbohydrate–protein interactions. 
These features of glycodendrimers make them useful 
molecular materials in the field of glyco and biomedical 
sciences. Investigations of the carbohydrate coated 
dendrimer molecules have largely focused on the two 
dominant classes of dendrimers, namely the PAMAM and 
PPI dendrimers. Both dendrimers have been tagged with 
glycosyl derivatives through urea, thio-urea and amide 

bonds [49, 50]. 
The supramolecule cyclodextrin can also be a highly 

useful agent for synthesis of dendrimers which facilitate for 
the synthesis of carbohydrate-centered dendrimers by 
favouring the combination of multivalent structures with an 
ability to form complexes with small hydrophobic 
molecules within the cavities persisting along with 

cyclodextrin moiety [51]. Molecules of this nature can be 
designed specifically for use in targeted drug delivery 
applications. Numerous examples prevail, that highlight the 
synthesis of carbohydrate based dendrimers synthesized via 

inherent glycosidic linkages [52-54]. Glycodendrimers  
have been used for a number of biologically relevant 
applications. Most notably, these have been optimally 
employed to study the protein-protein interactions that are 
involved in several intracellular recognition events. In 
comparison to other frameworks which have been engaged 
to study such interactions, dendrimers hold much more 
significance and reputation due to their useful structural 
attributes of size and low polydispersity. The eye catching 

aspect is that the size of a glycodendrimers can be varied in 
a gradual manner depending on the specific generation of 
the dendrimer being used. 
 
Silicon based dendrimers  

In 1989, the first synthesis of silicon based dendrimers 
initiated by H. Uchida and co-workers were successfully 

accomplished [55]. After 1990, several methodologies have 
been developed by Vander Made, Van Leeuwen, Roovers 
and Syferth for synthesis of carbosilane dendrimers and 

describe their use in biological applications [56-59]. In 
1992, Vander Made et al have reported the synthesis of 
carbosilane dendrimers by using tetraallylsilane as core 
with allyl magnesium bromide (CH2=CHCH2MgBr) as 
branching units in the presence of O-alkenylation reagent 

hydrosilylation (HSiCl3) (Scheme 2). Currently, several 
research groups developed applications of carbosilane as 
new versatile, lectin sensors and also as a novel drug carrier 
for active targeting drug delivery system. Besides, the use 
of carbosilaneglyco dendrimers as a bioactive molecule 
against Shiga toxins, dengue viruses, relapsing fever 
borrelia, and hemagglutinin and neuraminidase of influenza 

viruses have also been established [60-62]. The numerous 
research groups also define characteristic functionalization 
of carbosilane dendrimers with carbohydrate ligands at 
terminal positions which are required for chemical ligation. 
This is involved by a description of all types of coupling 
reactions between carbohydrate and carbosilane dendrimer 
functionalities used for the synthesis of carbosilaneglyco 
dendrimers.  
 

 
 

Scheme 2. Synthesis of carbosilane dendrimers by van der Made’s 
approach. 

Peptide dendrimers 

Peptide dendrimers can be understood as highly branched 
structures of synthetic origin which constitute peptide 
bonds. Just like those of glycodendrimers, peptide 
dendrimers are also categorized into three distinct classes. 
First of class of peptides and made up of tri functional 
amino acids that can be used as branching points, while the 
second class only marginally differs from these in having 

their periphery functionalized with peptide chains [61, 62]. 
Lastly, third class of peptide dendrimers is grafted peptide 
dendrimers, which consist of either biomolecules amino 
acids or organic molecules as the branching core 
components and peptides or proteins as surface 
functionalized molecules. As a consequence of the dendritic 
architecture, peptide dendrimers hold some unique and 
dynamic potential in a number of related allied fields such 
as those of biomedical and biochemical. This can be very 
well judged from their use in the form of synthetic 
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vaccines, adjuvants, protein-like structures, mimicking or 
redesigning of ion-channelized structures, in the study of 
inter-cellular interactions and the potential for being usable 
as drug carriers. These dendrimers vary in molecular 
weight variants with species of 2 kDa as well as lasting 
extents of maximum value of 100 kDa, including their 
domain. Their synthesis can be controlled through synthetic 
methodology and the products of consistent size, 
architecture and composition. The text ahead sheds some 
light on three main categories of peptide dendrimers and 
their potential applications in the various fields.  
 

 
Scheme 3. Synthesis of TDEMTA G1 dendrimers. 

 

 
Scheme 4. Synthesis of HDEMTA G2 dendrimers. 

 

 
 

Scheme 5. Synthesis of TGTA G1 dendrimers. 
 

Melamine and triazine based dendrimers 

Synthesis of melamine based 2,4,6-tridiethylmalonate-

triazine (TDEMTA) (Scheme 3) and second tier (G2) 
2,4,6-hexadiethylmalonate-triazine (2,4,6-triethylmalonate-

triazine (2,4,6-HDEMTA) dendrimers (Scheme 4), with 
excellent physicochemical properties have been reported by 

Singh et al. [63]. Studies on the spectroscopic and thermal 
decomposition have notified and selectively pointed out the 
similarities in the structures of first and second tier 
dendrimers. However, a basic difference that has been 
pointed out is of the degree of polymerization. In case of 

G1 dendrimers, the molecular weight is 3826.14 g/mol, 
while for G2, it is 2476.85 g/mol, with degrees of 
polymerization being six and two, respectively. This clearly 
highlights those more branching results in inhibition of the 
intra- and homomolecular linkage for molecular 
associations leading to linear linkages due to more stability.  
 

 
 

Scheme 6. Synthesis of tri (1,3,5-triglycerate) trazine G2 dendrimers. 
 

The triazine-derivative G1 1,3,5-triglyceratetriazine 

(TGTA) (Scheme 5) and G2 tri(1,3,5-triglycerate) (Scheme 

6) based trazine dendrimers with glycerol as a branching 
unit having unique physicochemical properties were also 

reported by Singh et al. [64]. In this way, dendrimers can 
be water soluble when its terminal group is hydrophilic 
such as the -OH group. It is also possible to design or 
synthesize a water soluble dendrimers with internal 
hydrophobicity, which will facilitate the passage of 
hydrophobic materials through the dendrimer interior. 

A dendrimer molecule can also be synthesized by means 
of a redox reaction between the nanoparticle core (redox 
active nanoparticles) and the dendritic wedges. Despite 
their isolation, some of the redox molecules remain 
uncoupled and thus still hold the capacity to react. 

Dendrimers are also efficient delivery vehicles for 
sending the medicated formulations to the affected location 
inside a patient’s body. The presence of diols at the 
terminal chains of a dendrimer molecule assists in the 
encapsulation of gold nanoparticles onto its structure. 
Systems like these have been found to be highly useful in 
photo thermal therapy and imaging.   
 
Biodegradable dendrimers 

Through the proper selection of the monomer(s), 
biodegradable dendrimers can also be synthesized, that 
degrade due to the presence of biocompatible building 
block presence in their structure through in vivo means. 14 
Suitable monomers for biodendrimers synthesis include α-
hydroxy acids, sugars, amino acids, fatty acids, 
poly(ethylene glycol) (PEG), poly(caproic acid) (PCL) and 

poly(trimethylene carbonate) [65]. A number of factors that 
affect the degradation rate such as those of the strength of 
chemical bonding between the monomers, hydrophobicity, 
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generations and molecular weights of the dendrimers and 
also the chemical reactivity of the overall macromolecules.  

Seebach and co-workers reported the first ever 

enzymatically biodegradable dendrimer in 1996 [66]. They 
examined the polyester based dendrimers on the basis of 
the initial core assembly. These polyester dendrimers got 
easily degraded by the bacterial enzyme poly (3-
hydroxybutyrate)-depolymerase into hydroxybutanoic acid 
and a trimester of 1,3,5-benzenetricarboxylic acid with 
hydroxybutanoic acid. After gaining an insight into these 
known biodegradable dendrimers and the corresponding 
degrading enzymes involved, Grinstaff, Zoka and co-
workers developed several polyether-ester based 
dendrimers and have used one of these, composed of 
succinic acid and glycerol for the encapsulation of 

anticancer drug 10-hydroxycamptothecin [67,68]. Spectral 
analysis through 1H NOSEY indicated the efficient 
encapsulation of the drug in the dendrimer core. The 
encapsulated drug was also tested for its efficacy against 
the breast cancer cell line, which showed that it possessed a 
higher cytotoxicity.   
  

Synthesis of dendrimers 

Generally, two main synthesis routes for dendrimers have 
emerged, namely the divergent and convergent approach.  
 
Divergent synthesis  

In general, highly symmetric dendrimers are synthesized 
through divergent approach. However, recently, the 
scientists have taken up the possibility of synthesis of 
differently functionalized dendrimers through which they 
have put forward a number of differently functionalized 
dendrimers with variable functionality present on their 

surface [69,70]. Moving ahead, Denkewalter and co-
workers were granted patent on the first divergent synthesis 
of dendritic polypeptides having the amino acids as their 

constituent monomeric building block [71]. 
The divergent route of dendrimers synthesis was also 

reported by Vögtle, Meijer Mülhaupt, Tomalia and 

Newkome [9, 72]. The divergent route for dendrimer 
synthesis involves the beginning of the growth at a 
multifunctional core. This is followed by the gradual 
stepwise addition of binding units, which leads to the 
establishment of larger dendritic structures with a 
consistently increasing number of chains and reactive 

functional groups present at the surface (Fig. 2). On the 
other hand, in the divergently approach, put forward by 
Newkome and Tomalia, the growth of a dendrimers 
originates from the core molecule. Each branching cycle 
leads to the addition of one more number of branches at 
particular sites of the dendrimers molecule, conventionally 
known as a generation to the existing dendrimer 
framework. Thus, the generation number of a dendrimer 
molecule is equal to the number of reaction cycles 
performed during the synthesis of a dendrimer. This can be 
easily computed by considering the number of branch 
points as one attached from the core to the surface of the 

overall molecule [73-75]. 
The poly (propylene imine) dendrimers are very 

popularly employed for research based applications  

and have been developed through the use of a 1,4-
diaminobutane core functionalized with tertiary amines 

serving as branch points [76]. The reaction scheme for the 
synthesis of PPI dendrimers is basically a repetition of the 
Michael’s addition reaction between acrylonitrile  
and primary amines. The heterogeneous catalysed 
hydrogenation of the nitriles, facilitate a number of primary 
amines at the surface of the dendrimers. Both the reaction 
steps involved in their reaction can be carried out to bring 
about extremely high conversion efficiency with higher 
selectivity as well. 
 

 
 

Fig. 2. Divergent synthesis of dendrimers. 

 
Convergent synthesis  

On the contrary, in the convergent approach, as proposed 
by Hawker and Frechet, the synthesis proceeds from the 
dendron molecular surface (periphery) to an inward 
direction towards the central core (focal point) and are 

directed through the core region of the dendrimer (Fig. 3) 

[77-82].  
 

 
 

Fig. 3. Convergent synthesis of dendrimers. 

 
The intermediate products obtained through the 

convergent synthesis of dendrimers are easier to purify and 
are generally assumed to be more homogeneous than their 
counterparts produced by divergent synthesis. The strategy 
for convergent synthesis is often restricted to the 
dendrimers with low generation and starts from the surface 
and ends up in the core, when the dendrimer segments 
(dendrons) are coupled together. In this manner, only a 
limited number of reactive sites get functionalized in each 
step which ensures a smaller number of possible side-
reactions per step. This implies that each synthesized 
generation of the dendrimers can be purified, although 
purification of high-generation dendritic tissues is too 
difficult because of the increasing structural similarity in 

between the reactants and the formed products [83, 84]. 
However, with proper purification after each successive 
step, convergent approach gives the dendrimers without any 
defect. The convergent approach is also the preferred one 
because it does not allow the formation of higher 
generations. Due to the presence of steric problems, which 
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occur in the reaction of dendrons and the core molecules. 
The current approach that is most popular for dendrimer 
synthesis was put forward by the efforts of Frechet, Miller 

and Moorie [85-89]. 
Dendrimers are synthesized in a repetitive sequence of 

reaction steps, in which each repetitive monomer unit leads 
to a higher generation (G) dendrimers with an increase in 
molecular weight. The branching of monomer unit takes 
place in a stepwise manner and thus it is possible to 
precisely control the overall size, shape, dimension, 
density, polarity, flexibility and the solubility of the 
molecule by optimum choice of the different building or 

branching units and the surface functional groups [9, 10, 

90-106]. Moreover, these types of dendrimers can use 
organic molecules as their constitutional entities and thus 
possess significant physical and chemical properties of 
interest. In a generalized sense, dendrimers are regular, 
highly branched structures and specific dimensions which 
formed multivalence as like those of the small proteins. 
During 1978, Fritz Vogtle and co-workers were the first to 

introduce the synthetic dendrimer chemistry [107]. They 
reported the first ever synthesis of cascade molecules using 
an iterative scheme of reaction steps to achieve the 

synthesis of a higher generation (Scheme 7). 
 

 
 

Scheme 7. First synthesis of a cascade molecule. 

 
The reaction of the monoamine as a starting material 

using acrylonitrile via Michael’s addition was reported for 
the synthesis of dinitrile and it was subsequently reduced to 
terminal diamine which acts as a branching unit. The 
molecule was used with the same reaction sequence for the 
synthesis of heptamine.  

In 1984, the first family of hyperbranched series of 
macromolecules, also termed as “starburst dendrimers” was 
put forward by Tomalia and research group. Many other 
investigators have also developed synthetic methodologies 
to make these dendrimers and have also proposed their 
applications. During the early years of 1980’s, a synthetic 
methodology as well as some specific applications of 

dendrimers was forwarded by Newkome [12]. 
 

Characterization of dendrimers   

Dendrimers are hyper branched and globular 
macromolecules having a specific architecture with two 
distinct parts; (i) center most molecule is a core having a 
single atom or group with two or three equal chemical 
functionality, (ii) branching units having repeating units 
with at least one branch junction is responsible for growth 
in bi-furcational and organized in a geometrical manner and 
which is play a key role in the properties of dendrimers. 

Synthesis and development of applications in various fields, 
there is a critical need of analytical techniques for 
characterization of dendrimers.  
 
Nuclear magnetic resonance (NMR) spectroscopy 

NMR is the most widely and reliably employed methods 
being considered for the characterization of the dendrimers. 
The analysis through NMR really argues very well for the 
dendrimers since they enable the provision to analyse their 
synthesis in a stepwise manner. Secondly, these techniques 
also enable better and more proper understanding of the 
formation of high generation dendrimer by giving 
information about the chemical transformations the 
chemical groups undergo. The 1H and 13C NMR 
techniques are right now most widely employed for the 
structural characterization of organic dendrimers like those 
of PPI, polyphenylester and poly (ether ketone) dendrimers 

[108]. For a higher generation or complex structures or 
complex pulse sequences need to be very efficiently as well 
as effectively analyzed. This is done with two dimensional 

H, HCOSY for polyphenylacetylene [109,110] or polyaryl 

[111] dendrimers. Likewise, 1H and H-NOESY NMR 
variations are used for studying and analyzing PPI 

dendrimers [112] and H, H-TOCSY methods are employed 

for melamine dendrimers [113]. The diversity of integrated 
NMR techniques is so deep that even the three dimensional 
NMR techniques such as those of 3D HMQC-TOCSY and 
3D NOESY-HSQC have been employed for the 

characterization of PPI dendrimers [114]. For dendrimers 
with heteroatomic composition, besides 1H and 13C NMR, 
the resonance of the heteroatom provides very valuable 
information; this is highly applicable and well-established 
fact for phosphorous based dendrimers. The sensitivity or 
accuracy can be very well judged from the performing 
behaviour of 31P NMR, in which the environment around 
the sample is so sensitive to the small changes in the 
vicinity so that it allows one to differentiate in between the 
layers up to the fourth generation and at least the three most 

external layers for higher generations, up to G12 [115]. 
Some very complex structures which possess coupling 
between some phosphorous atoms can be entirely 

characterized using 31P NMR technique [116] even when 
there is a coexistence of two types of branches in the same 
dendrimer molecule. Similarly, silicon-containing 
dendrimers are generally characterized using 29Si NMR, 

[117] despite a very low amount of 29Si being present in 
silicon derivatives. Multidimensional NMR methods using 

silicon such as 29Si and 1H, 13C, 29Si; 3D-NMR [118] 
variations have also been applied to the silicon-containing 
dendrimers. 15N NMR has been very rarely used, but it is 
highly helpful in the characterization of PPI dendrimers in 
order to detect their selective protonation mechanism, first 
on the surface of the second generation, then at the core and 

then at the level of the first generation [119]. 
 
Fourier transform infrared (FTIR) spectroscopy 

FTIR spectroscopy is mainly employed for the routine and 
timely analysis of chemical transformation being facilitated 
at the surface of dendrimers, such as the elimination of 

nitrile groups during the synthesis of PPI dendrimers, [120] 
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the generation of hydrogen bonding in PPI glycine 
functionalized dendrimers or the intended elimination of 
aldehydes during the synthesis of PMMH dendrimers 

[121]. Further, in-detail IR-analysis with quantitative 
deductions was also carried for phosphorous dendrimers 

[122]. Similarly, near IR-spectroscopy has also been used 
to characterize the delocalized the k-k stacking interactions 
between the end groups of modified PAMAM dendrimers 

[123]. 
 
Ultraviolet visible (UV-vis) spectroscopy 

UV-vis spectroscopy can be employed to monitor the 
synthesis of dendrimers, as shown for the characteristic 
organ-platinum dendrimers in which the growth and decay 
of metals to the ligand charge transfer band is observed 

[124]. It is a characteristic instrumentation in the sense that 
the intensity of absorption band obtained through it is 
necessarily proportional to the number of chromophoric 
units present embedded within the molecule being analyzed 
and this forms the basis for the use of this technique to test 
the purity of PPI dendrimers having azobenzene as end 

groups, [125] for phosphorous dendrimers having 

azobenzenes incorporated within the branches, [126] or 

double-layered carbosilane dendrimers [127]. 
However, surprisingly, a deviation from the Beer-

Lambert law is observed for G4 and G5 PPI dendrimers, 

which possess methyl orange as the terminal groups [128]. 
The technique of UV-visible spectroscopy has also been 
used to understand and elucidate the morphological 
information. The dendrimers from G0 to G6 functionality 
exhibit an intense change in the absorption maximum from 
those of G3 to G4, consistent with a transition from an open 

to a more globular shape [129]. 
 
Mass spectrometry 

Due to their characteristic dependence on the mass being a 
limitation too (in some cases), classical mass spectrometry 
techniques such as those of chemical ionization or fast atom 
bombardment can be used merely for the characterization 
of small dendrimers (3000 D). For high molecular weights, 
techniques developed for the study and analysis of proteins 
and polymer behaviours need to be applied. For instance, 
Electro-Spray Ionization can be used for the analysis and 
investigation of dendrimers with reference to their 
optimization to form multi charged species. This technique 

has also been applied to PPI dendrimers [130] as well as in 
PAMAM dendrimers up to tenth level of generation 

moving from the core towards the outside [131]. The 
Matrix Assisted Laser Desorption Ionization Time of Flight 
(MALDI-TOF) Spectroscopy was used for the analysis of 
unlimited masses. This has also been employed for the 
characterization and evaluation of the purity of aromatic 

polyesters, polybenzylacetylenes, [132] PAMAM, [133] 

silicon dendrimers [134] and phosphorous dendrimers 

[135]. The imperfections that are generally encountered in 
almost all the cases of high generation are routinely 
attributed to chemical defects. However, the fundamental 
operation of this technique does question absorbance at the 
wavelength of laser used for desorption by the dendrimers. 
Moreover, this technique is also highly sensitive to the 

operational experimental conditions, especially for the type 

of matrix being used [136] and the presence of ions, as 
shown by post-source decay investigations. Similarly, 
secondary Ion Mass Spectrometry was applied to a series of 

bis (methoxy) propionic acid-based dendrimers [137]. 
 
Physicochemical characterization 

Dilute solution kinematic parameters such as those of 
rheology and in particular, the viscometric studies; can be 
used as analytical probe agencies to investigate the 
morphological structural features of dendrimers. 
Dendrimers should exhibit a maximal dependence behavior 
on the intrinsic viscosity [η] upon their generation. This is 
so because till a saturated generation level is reached, the 
volume grows faster than the molecular weight beyond 
which the behavior is exactly the contrary. This behavior is 
experimentally observed in a number of dendrimers with 
definite series. The maximum of intrinsic viscosity occurs 
at different generations for different dendrimers, 
characteristically depending on the density of the 

constituent dendritic branches [138]. For instance, G3 
phosphorous dendrimers with two types of end groups 

[139]. G4 dendrimers have been optimized for PAMAM 

functionality, [140] G5 for PPI [141] with two types of end 
groups. 
 

Application of dendrimers 

Currently, the several exciting developments and 
methodologies for the synthesis and characterization of 
dendritic materials are being driven through their distinct 
and multifold uses which include their incorporation in the 
form of structural materials, drug loading matrices, 
microelectronic circuiting, coatings, biomedical  
materials and building blocks for nanotechnology based 

networks [93,142]. Till date the expansions of 
multidisciplinary application of dendrimers have been 
immensely increasing and encouraging with their 
incorporation into the development of supramolecular 
chemistry, electrochemistry, photochemistry, nanoparticle 
manufacturing, pollution management, dye decolourization, 
epoxy resins curing, catalysis, drug delivery and gene 
transfection. In the recent years the use of dendrimers in the 
drug delivery systems has received some special attention 
with a sharp interest paid to their utilization and 
involvement in the biomedical sector.  

This work sheds some light on the synthesis of 
dendrimers, systematic analysis, understanding of 
dendrimers structure and its components, understanding of 
mechanisms of drug delivery, the effect of different 
physical and chemical factors on the dendrimers properties 
and characterization; the recent work has been reported as 
the applications of dendrimers. In the domain of biomedical 
and cutting edge diagnostic technology, dendrimers have 
major applications in the area of gene and antisense 
therapy, magnetic resonance imaging and in boron neutron 

capture therapy [6-7]. The special attributes of dendrimers 
which include advancement in terms of their functional 
nature, making them biodegradable and optimizing their 
release based features, can be very good assets for the 
development of specific and improvised drug delivery 
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systems. The engineering of dendrimers has been so fine-
tuned that it has enabled them to be used as cancer drug 
carriers with controlled degradation.  
 
Drug delivery 

The discovery and final formulation of new drugs is a long 
as well as costly process. In general, a new drug takes 
almost 12 to 15 years to be developed and ready in order to 
bring them in commercial scale amongst the consumer 
section, at an average expenditure of above $800 million 

[143, 144]. In this context, the real benefit of the structural 
attributes of dendrimers can be realized by the designing of 
effective drug delivery systems that could be used for the 
drugs developed in the past, but failed to be brought into 
the market due to some control of their release and delivery 
potential. With the use of dendrimers, the novel drug 
delivery systems could be formulated capable of enhancing 
the effectiveness of the overall drug delivery by ensuring its 
sustained release in gradual time and at a specific target 

[145]. Through the control of time and effective location of 
a typical drug delivery system, side effects of the 
corresponding drug can be minimized while drug activity 
can be maximized. This would also enable the intake of a 
much lower amount of drug in a number of cases as 
compared to a number of other drugs suffering from this 
problem. This feature also enables much better and easier 
patient compliance. Some strategies that are employed to 
achieve a controlled release of the drug include chemical or 
enzymatic reaction, diffusion through a matrix or solvent 
activation.  

At present, two common strategies which are mostly 
practiced are tagging of drug with liposomes and the use of 
polymeric systems. However, both of these strategies have 
some problems with their formulation with liposomal based 
drug formulations suffering from poor stability under 
physiological conditions and linear polymers being 
polydisperse in nature. Regarding these technical 
bottlenecks, dendrimers have just served as a blessing as 
these are comparatively safer, possess better selectivity and 
thus have better potential for being used as drug delivery 
candidates. These are highly selective in nature from the 
point of view of specific targeting of the desired tissue, 
which is the backbone of an efficient drug delivery system 
and give a much better and promising future to be used as 
treatment models for several disorders. Other useful 
attributes of dendrimers are characterized by their very 
small size, polyvalent nature, monodispersive action, 
stability, which impart the dendrimers systems their 
precision and selectivity.  

In particular, the cancer treatment has received a much 
needed boost from these systems with dendrimers being 
used for delivery of anticancer drugs (methotrexate). 
Similarly, a significant attribute has been achieved in the 
prevention of HIV. In a similar manner, ocular 
bioavailability of the drug pilocarpine has been enhanced 
through the use of dendrimers. The use of dendrimers for 
drug delivery system development is based on the delivery 
of a nanoparticle loaded with drug to specific affected 
locations of the body. The advantage of the system seems 
to be eminent from the fact that it enables the drug to be 
loaded at the terminal, surface as well as its encapsulation 

within the corresponding branches of a dendrimers. Thus, 
in a nut shell with so many controllable features, 
dendrimers enable increased bioavailability, sustained, 
controlled as well as the targeted release of the drug, which 
have been just the key ingredients of an ideal drug delivery 
carrier. With this much control being exercised at the right 
amount of drug being delivered at the right location within 
the body, there’s a significant reduction in the amount of 
drug being delivered in the body, thereby also lowering the 
risk of toxicity being developed while the corresponding 
therapeutic efficacy of the drug increases. These features of 
dendrimers make them reliable, safer, selective and 
comparatively more precise systems of drug delivery. 

The chemical and structural attributes of dendrimers 
which make them to be used as excellent drug delivery 
carriers include their low polydispersity index, multiple 
functionality achieving sites and a well-defined, easily 
controllable and the requirement based adjustable nature 
which is all the features or traits of chemical attributes of 

the system [146]. Some other salient features of dendrimers 
are their enhanced permeability and retention effects that 
also allow them to target only the tumour cells in 

preference over the normal cells [147]. 
Two common methods by which dendrimer molecules 

are engineered for drug delivery are either the 
encapsulation of the drug with dendrimers or the design of 
dendrimer-drug conjugates. Encapsulation of the drug 
makes use of either the steric bulk of the outer periphery of 
a dendrimer molecule or specific interactions between the 
dendrimers and the drug are optimized to trap the drug 
inside the dendrimer. On the other hand, dendrimer drug 
conjugates carry the drug attached to the external periphery 
of drug only. Most of these designed conjugates are 
prodrugs, which are inactive or have decreased activity in 
comparison to the free parent drug. Rapid progress has 
been witnessed in the development of dendrimer carriers 
that can be monitored using UV spectroscopy and 
optimized for the delivery of anti-cancer drugs. Both 
encapsulation and conjugation strategies have their own 
mutual benefits in the dendrimer mediated drug delivery.  

Encapsulation of drugs in the dendrimers favors their 
sustained release while dendrimer drug conjugates enable 
efficient, targeted release of the medicated formulation. The 
application of dendrimers being used as carriers of drug 
delivery is receiving some auspicious attention with recent 
reports of the development of cascade release of 
dendrimers and additional ways to release drugs. Some 
studies on the use of dendrimers as in vivo drug delivery 
carriers have been reported. In one such case, cisplatin has 
been complexed with carboxylate surface groups of 
PAMAM dendrimers which could lead to enhance its 
solubility to an extent of ten present with respect to the free 

drug [148]. These conjugates were further shown to target 
subcutaneous tumours in the mice with an enhanced 

permeation and retention effect [149, 150]. On the same 
lines, a fatty acid functionalized dendrimer was shown to 
bind another anti-tumour drug, 5-fluoracil which further 
showed almost double oral bioavailability in rats as 

compared to freely administered 5-fluoracil [151]. The 
methotrexate conjugated with PAMAM dendrimers and 

used as antitumor targeted carriers [152]. 
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In case of dendrimer molecule coupled with 
methotrexate, the dendrimer molecule has been modified 
using folate as a targeting agent with an aim to inject 
flurophore and methotrexate in the injured mice. The 
dendrimer mediated delivery was found to be so effective 
that its concentration in the mice suffering from cancer was 
found to be five to ten times higher than that of drug 
formulation without the use of folate ligand. To add to this 
is the significant effect this dosage in for reducing the rate 
of tumour affected cells. A number of other manipulations 
of dendrimers have been devised which can be used as 
antiviral infection curers by means of improved drug 

delivery mechanism and routes [153-155]. Not only the 
drug delivery, but also, the procedure of gene delivery has 
seen some serious and major improvements with a variety 
of positively charged dendrimers being used to form 
complexes with DNA and further transfect the cultured 
cells with lower toxicities and far better efficiencies as 
compared to conventionally employed therapeutic agents 

[156-162]. The attributes of dendrimers which can serve as 
boosts for their use in drug delivery applications include 
their biodegradable nature and optimize release of the 
formulation from the system as a whole. 
 
Tissue engineering 

In a significant trial, Grinstaffet al has shown that 
dendrimers possess high functional densities and low 
solution viscosities which make them very useful to be used 
in wound healing applications in the form of injectable 

sealants especially for handling corneal wounds [163-165]. 
In this work, the peripheral boundaries of biodegradable 
polyester dendrimers have been functionalized with surface 
active groups that are capable of cross linking and forming 
insoluble hydrogel based matrix like systems upon getting 
activated, e.g. in case of polymerization by using ultraviolet 
light. By following this procedure, the scientists have 
successfully sealed the corneal lacerations. Efforts are 
actively being made on the optimization of the use of such 
materials for many other medically tough ophthalmological 
surgeries.     
 
Magnetic resonance imaging   

One of the earliest discovered applications of dendrimers 
was their use in the form of carriers to fasten and improve 
the overall efficacy of Magnetic Resonance Imaging (MRI) 

contrast agents [166, 167]. Literature is already replete with 
a number of review articles that highlight the applications 

of dendrimers in the domain of diagnostics [168, 169]. 
Modification of PAMAM dendrimers with the chelating 
ligand diethylenetriaminepentaacetic acid through the 
introduction of a thiourea linkage, were to image the MRI 
scans of blood vessels. These engineered dendrimers also 
increased the blood circulation times upon their intravenous 
injections as conjugates of gadolinium. PPI dendrimers 
have also been reported to be synthesized with the help of 

Gd (III) -DTPA ligands [170]. 
In a related attempt with this research, the Gadomer has 

been employed and incorporated in dendrimers based on 
the core morphology of 1,3,5-benzoic acid, also possessing 
lysine units as branching units with Gd-DTPA molecules 

also identified along with the Gadomer [17] has been 
especially suited and employed for these kinds of 
dendrimers due to their specially suitable and 
biocompatible nature such as those of good elimination 
rate, globular nature for being a dendrimers derivative. In 
addition, dendrimers using this moiety have also been 
developed for MRI usable for both targeting and imaging of 

components [171]. 
 
Vaccines 

Dendrimers with peptide backbone have been actively 
employed for the development of improved vaccination and 
immunization. One such configuration of dendrimers is a 
multiple antigenic peptide (MAP) dendrimer system, put 

forward by Tam et al. [172, 173]. In their work, Moreno    
et al. have put forward an interesting illustration in which 
by a using Plasmodium falciparum T and B cell stimulatory 
peptides, the MAPs dendrimers has been modified for 

developing vaccine applications [174, 175]. In a similar 
manner, Ota et al has shown that MAPs could be processed 
in antigen containing cells in the same way and resulting in 
a stronger immune response emanating through the action 

of cytotoxic T-cells [176]. 
 
Electronic devices 

Organic electronic devices such as organic integrated 
circuits, organic FETs, organic thin-film transistors, organic 
solar cells, organic field quenching devices, organic light-
emitting transistors, light-emitting electrochemical cells, 
organic optical detectors, organic photoreceptors, organic 
laser diodes, and organic electroluminescent devices are 
described as linear or branched dendrimer compounds 
incorporating a specify component and serve as hole-
injecting, hole-transporting, electron transporting, or hole-

blocking materials [177, 178]. The researcher has fixed 
flurophores on the periphery of different generations of 

dendrimers, which can absorb two photons [179] and can 
be used as fluorescent markers for biomedical applications 
such as Nano dots. 
 
Catalysis 

In the field of catalysis the dendritic molecule has emerged 
as potential materials with various dendrimers based 

catalysts being applied to catalytic reactions [180-193]. The 
dendrimers having controllable nanoscale sizes, 
symmetrical, chemically reactive surface and favourable 
configuration properties make them useful not only in 
catalytic application, but also in non-catalytic ones such as 
nanoscale reactor systems. There are various examples of 

dendrimers catalyst in organometallics [194-196] such as 
ferricenic sandwich with better redox catalytic properties. 

In last two decades, many works have been done on the 
catalytic behaviour by pioneering research teams in the 
periphery, the scaffolding, or on the core of dendrimers. 
The main aim of the entire researcher is to find ideal 
catalyst with high catalytic efficiency, selective for 
whatever reaction, versatile (substrate, metal, conditions), 
easily recoverable or recyclable and longevity (durable and 
stable). For an instance, PAMAM dendrons based on silica-
coated magnetic nanoparticles has used for hydro 
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formylation reaction with the very high catalytic efficiency 

[197]. 
 
Biosensors 

A compilation of dendrimers, constituted either by distinct 

monomers or the nature of linkage [198, 199]. The rapid 
progress of the nanotechnological and advanced 
nanomaterials production offers significant opportunities 
for several applications such as detection and 
bioremediation in broad range of environmental pollutants. 
Due to integration of analysis techniques and 
nanotechnology, it has become possible to develop 
miniaturized, rapid ultrasensitive and inexpensive methods 
for in-situ and environmental monitoring devices. Specific 
examples of nanomaterials-based and biological sensors 
with applications in environmental monitoring have already 

been reported [200-205]. A polyamidoamine dendrimer 
with peripheral 1, 8-naphthalimide groups capable for 
acting as a PET fluorescent sensor for rare earth and metal 
cations has been reported. The presence of metal ions was 
found to evoke a photo induced electron transfer leading to 

an enhancement in the fluorescence [206, 207]. 
 

Conclusion 

In conclusion, dendrimers have received increased 
attentions among the researchers due to its unique structure, 
properties and applications. For the formation of the 
dendrimer, covalent bond formation is more important 
which is followed by metal-ligand coordination bond 
formation and non-covalent bond formation. A range of 
applications have been reported particular in the area of 
chemistry and biology for example in the field of drug 
deliver, catalysis, sensing, etc. 

Acknowledgements 

The Corresponding author is thankful to Dr. Shashiranjan Yadav 
(Honorable Vice Chancellor), Dr. Madhusudan Makwana (Registrar) and 
Dr. Kalpesh Pathak (Dean and Principal, COE), Indian Institute of 
Teacher Education Gandhinagar for moral support and kind cooperation. 

 
Reference 

1. Tomalia, D. A., Naylor, A. M., Goddard, W. A., III Angew. Chem. 

Int. Ed. Engl, 1990, 29, 138-175.  

DOI: http://dx.doi.org/10.1002/anie.199001381  

2. Tomalia, D. A., Durst, H. D., Top. Curr. Chem. 1993, 165, 193-313.  

DOI: http://dx.doi.org/10.1007/bfb0111285  

3. Fréchet, J. M., J. Science, 1994, 263, 1710-1715.  

4. Voit, B. I., Acta Polym.1995, 46, 87-99.  

DOI: http://dx.doi.org/10.1126/science.8134834  

5. Ardoin, N., Astruc, D. Bull. Soc. Chim. Fr. 1995, 132, 875-909. 

DOI: http://dx.doi.org/10.1002/chin.199612289  
6. Newkome, G. R., Moorefield, C. N., Vögtle, F., VCH: Weinheim, 

Germany, 1996, 127-136.  

DOI: http://dx.doi.org/10.1007/978-3-642-49368-3_10  

7. Pillai, O., Panchagnula, R., Curr. Opin. Chem. Biol. 2001, 5, 447-
451.  

DOI: http://dx.doi.org/10.1016/s1367-5931(00)00227-1  
8. Fréchet, J. M. J., Tomalia, D. A., Wiley:  Chichester, UK, 2002, 

387-424.  

DOI: http://dx.doi.org/10.1002/0470845821.ch1  
9. Buhleier, E., Wehner, W. and Vögtle, F., Synthesis, 1978, 155–158. 

DOI: http://dx.doi.org/10.1055/s-1978-24702  
10. Denkewalter, R. G., Kolc, J. F., Lukasavage, W. J., U.S. Patent 

1981, 4, 289-872.  

11. Tomalia, D. A., Baker, H., Dewald, J., Hall, M., Kallos, G., Martin, 

S., Roeck, J., Ryder, J., Smith, P. Polym. J. 1985, 17, 117-132. 

DOI: http://dx.doi.org/10.1295/polymj.17.117  
12. Newkome, G. R., Yao, Z., Baker, G. R., Gupta, V. K., J. Org. 

Chem. 1985, 50, 2003-2004.  

DOI: http://dx.doi.org/10.1021/jo00211a052  
13. Vögtle, F., Gestermann, S., Hesse, R., Schwierz, H., Windisch, B. 

Progr. Polym. Sci. 2000, 25, 987-1041.  

DOI: http://dx.doi.org/10.1002/3527605746.ch12  

14. Dvornic, P. R., Tomalia, D. A., Macromol. Symp. 1994, 88, 123-
148 15. 

15. Bosman, A. W., Janssen, H. M., Meijer, E. W., Chem. Rev. 1999, 
99, 1665-1688.  

DOI: http://dx.doi.org/10.1021/cr970069y  
16. Zeng, F., Zimmerman, S. C., Chem. Rev. 1997, 97, 1681-1712. 

DOI: http://dx.doi.org/10.1021/cr9603892  
17. Stevelmans, S.,  Hest, J. C. M. V.,  Jansen, J. F. G. A., Van Boxtel, 

D. A. F. J., de Berg, E. M. M., Meijer, E. W.,  J. Am. Chem. Soc. 

1996, 118, 7398-7399.  

DOI: http://dx.doi.org/10.1021/ja954207h   
18. Sayed Sweet, Y., Hedstrand, D. M., Spinder, R., Tomalia, D. A., J. 

Mater. Chem. 1997, 7, 1199-1205.  

DOI: http://dx.doi.org/10.1039/a700860k   
19. Baars, M. W. P. L., Karlsson, A. J., Sorokin, V., De Waal, B. F. M., 

Meijer, E. W., Angew. Chem., Int. Ed. Engl. 2000, 39, 4262-4265. 

DOI: http://dx.doi.org/10.1002/1521-3773(20001201) 
39:23<4262::aid-anie4262>3.0.co;2-y   

20. Gilat, S. L., Adronov, A., Fréchet, J. M. J., Angew. Chem., Int. Ed. 

Engl. 1999, 38, 1422-1427.  

DOI: http://dx.doi.org/10.1002/(sici)1521-3773(19990517) 
38:10<1422::aid-anie1422>3.3.co;2-m 

21. Adronov, A., Gilat, S. L., Fréchet, J. M. J., Ohta, K., Neuwahl, F. V. 

R., Fleming, G. R., J. Am. Chem. Soc. 2000, 122, 1175-1185.  

DOI: http://dx.doi.org/10.1021/ja993272e  

22. Sato, T., Jiang, D.L., Aida, T. J., Am. Chem. Soc. 1999, 121, 10658-
10659.  

DOI: http://dx.doi.org/10.1021/ja9922983  

23. Percec, V., Chu, P., Kawasumi, M., Macromol. 1994, 27, 4441-
4453.  

DOI: http://dx.doi.org/10.1021/ma00094a005  

24. Bauer, S., Fischer, H., Ringsdorf, H., Angew. Chem., Int. Ed. Engl. 

1993, 32, 1589-1592.  

DOI: http://dx.doi.org/10.1002/anie.199315891  
25. Ponomarenko, S. A., Rebrov, E. A., Bobrovsky, A. Y., Boiko, N. I., 

Muzafarov, A. M.,   Shibaev, V. P., Liq. Cryst. 1996, 21, 1-12. 

DOI: http://dx.doi.org/10.1080/02678299608033789  
26. Chen, F.L., Jamieson, A. M., Kawasumi, M., Percec, V. J., Polym. 

Sci., Part B: Polym. Phys.1995, 33, 1213-1223.  

DOI: http://dx.doi.org/10.1002/polb.1995.090330807  
27. Tsiourvas, D., Felekis, T., Sideratou, Z., Paleos, C. M., Macromol. 

2002, 35, 6466-6469.  

DOI: http://dx.doi.org/10.1021/ma0201882  

28. Wang, F., Rauh, R. D., Rose, T. L., J. Am. Chem. Soc. 1997, 119, 
11106-11107.  

DOI: http://dx.doi.org/10.1021/ja970896g  
29. Miller, L. L., Kunugi, Y., Canavesi, A., Rigaut, S., Moorefield, C. 

N., Newkome, G. R., Chem. Mater. 1998, 10, 1751-1754.  

DOI: http://dx.doi.org/10.1021/cm980313h   
30. Sebastian, R. M., Caminade, A.-M., Majoral, J. P., Levillain, E., 

Huchet, L., Roncali, J.Chem. Commun. 2000, 507-508.  

DOI: http://dx.doi.org/10.1039/b000523l  

31. Wörner, C., Mülhaupt, R., Angew. Chem., Int. Ed. Engl. 1993, 32, 
1306-1308.  

DOI: http://dx.doi.org/10.1002/anie.199313061  
32. De Brabander-van den Berg, E. M. M.; Meijer, E. W. Angew. 

Chem., Int. Ed. Engl. 1993, 32, 1308-1311.  

DOI: http://dx.doi.org/10.1002/anie.199313081  
33. Tomalia, D. A., Baker, H., Dewald, J., Hall, M., Kallos, G., Martin, 

S., J. Roeck, J. Ryder and P. Smith, Polym. J., 1985, 17, 117-132. 

DOI: http://dx.doi.org/10.1295/polymj.17.117  
34. Hawker, C. J., Wooley, K. L., and Frechet, J. M. J., J. Chem. Soc., 

Perkin Trans. 1993, 1, 1287–1297. 

DOI: http://dx.doi.org/10.1039/p19930001287  

35. Turnbull, W. B., and Stoddart, J. F., Rev. Mol. Biotech, 2002, 90, 
231–255.  

http://dx.doi.org/10.1002/anie.199001381
http://dx.doi.org/10.1007/bfb0111285
http://dx.doi.org/10.1126/science.8134834
http://dx.doi.org/10.1002/chin.199612289
http://dx.doi.org/10.1007/978-3-642-49368-3_10
http://dx.doi.org/10.1016/s1367-5931(00)00227-1
http://dx.doi.org/10.1002/0470845821.ch1
http://dx.doi.org/10.1055/s-1978-24702
http://dx.doi.org/10.1295/polymj.17.117
http://dx.doi.org/10.1021/jo00211a052
http://dx.doi.org/10.1002/3527605746.ch12
http://dx.doi.org/10.1021/cr970069y
http://dx.doi.org/10.1021/cr9603892 
http://dx.doi.org/10.1021/ja954207h
http://dx.doi.org/10.1039/a700860k
http://dx.doi.org/10.1002/1521-3773(20001201)%2039:23%3c4262::aid-anie4262%3e3.0.co;2-y 
http://dx.doi.org/10.1002/1521-3773(20001201)%2039:23%3c4262::aid-anie4262%3e3.0.co;2-y 
http://dx.doi.org/10.1002/(sici)1521-3773(19990517)%2038:10%3c1422::aid-anie1422%3e3.3.co;2-m
http://dx.doi.org/10.1002/(sici)1521-3773(19990517)%2038:10%3c1422::aid-anie1422%3e3.3.co;2-m
http://dx.doi.org/10.1021/ja993272e
http://dx.doi.org/10.1021/ja9922983
http://dx.doi.org/10.1021/ma00094a005
http://dx.doi.org/10.1002/anie.199315891
http://dx.doi.org/10.1080/02678299608033789
http://dx.doi.org/10.1002/polb.1995.090330807
http://dx.doi.org/10.1021/ma0201882
http://dx.doi.org/10.1021/ja970896g
http://dx.doi.org/10.1021/cm980313h
http://dx.doi.org/10.1039/b000523l
http://dx.doi.org/10.1002/anie.199313061
http://dx.doi.org/10.1002/anie.199313081
http://dx.doi.org/10.1295/polymj.17.117
http://dx.doi.org/10.1039/p19930001287


 

Review  Article                            Adv. Mater. Lett. 2016, 7(7), 502-516                      Advanced Materials Letters 

 Adv. Mater. Lett. 2016, 7(7), 502-516                                                                            Copyright © 2016 VBRI Press                                              
  

DOI: http://dx.doi.org/10.1016/s1389-0352(01)00062-9  

36. Roy, R. and Kim, J. M., Angew. Chem. Int. Ed., 1999, 38, 369–372. 

DOI: http://dx.doi.org/10.1002/(sici)1521-3773(19990201) 
38:3<369::aid-anie369>3.3.co;2-t 

37. Majoral, J. P., and Caminade, A. M., Chem. Rev., 1999, 99, 845–
880.  

DOI: http://dx.doi.org/10.1021/cr970414j  
38. Kojima, C., Kono, K., Maruyama, K. and Takagishi, T., Biocon 

Chem., 2000, 11, 910-917. 

DOI: http://dx.doi.org/10.1021/bc0000583  

39. Boas, U. and Heegaard, P.M.H., Chem. Soc. Rev., 2004, 33, 1, 43-
63.  

DOI: http://dx.doi.org/10.1039/b309043b  

40. Farin, D., and Avnir, D., Angew. Chem. Int. Ed. Engl., 1991, 30, 
1379-1380.  

DOI: http://dx.doi.org/10.1002/anie.199113791  

41. Nourse, A., Millar, D.B., and Minton, A.P., Biopoly, 2000, 53, 316-
328. 

DOI:  http://dx.doi.org/10.1002/(sici)1097-0282(20000405) 
53:4<316::aid-bip4>3.0.co;2-j  

42. Pavlov, G.M., Korneeva, E.V., and Meijer, E.W., Coll. Poly. Sci., 

2002, 280, 416-423. 

DOI: http://dx.doi.org/10.1007/s00396-001-0625-4  
43. Percec, V., Cho, W.D., Mosier, P.E., Ungar, G. and Yeardley, 

D.J.P., J. Am. Chem.Soc., 1998, 120, 11061-11070.  

DOI: http://dx.doi.org/10.1021/ja9819007  
44. Tomalia, D. A., Naylor, A. M., Goddard, W. A., Angew. Chem., Int. 

Ed. 1990, 29, 138-175.  

DOI: http://dx.doi.org/10.1002/anie.199001381  
45. Kukowska-Latallo, J. F. Bielinska, A. U., Johnson, J. Spindler, R., 

Tomalia, D. A., Baker, J. R., Jr. Proc. Natl. Acad. Sci. USA, 1996, 
93, 4897-4902.   

DOI: http://dx.doi.org/10.1073/pnas.93.10.4897  

46. Lundquist, J. J., Toone, E., J. Chem. Rev. 2002, 102, 555-578.  

DOI: http://dx.doi.org/10.1021/cr000418f  

47. Turnbull, W. B., Stoddart, J. F., Rev. Mol. Biotech. 2002, 90, 231-
255.  

DOI:  http://dx.doi.org/10.1016/s1389-0352(01)00062-9  

48. Cloninger, M. J., Curr. Opin. Chem. Biol. 2002, 6, 742-748.  

DOI: http://dx.doi.org/10.1016/s1367-5931(02) 00400-3  

49. Ashton, P. R., Boyd, S. E., Brown, C. L., Nepogodiev, S. A., Meijer, 

E. W., Peerlings, H. W. I., Stoddart, J. F., Chem. Eur. J. 1997, 3, 
974-984.  

DOI:  http://dx.doi.org/10.1002/chem.19970030620  
50. Peerlings, H. W. I., Nepogodiev, S. A., Stoddart, J. F., Meijer, E. 

W., Eur. J. Org. Chem. 1998, 1879-1886. 

DOI: http://dx.doi.org/10.1002/(sici)1099-0690 
(199809)1998:9<1879::aid-ejoc1879>3.3.co;2-# 

51. Fulton, D. A., Stoddart, J. F., Org. Lett. 2000, 2, 1113-1116.  

DOI: http://dx.doi.org/10.1021/ol005668x  
52. Colonna, B.; Harding, V. D., Nepogodiev, S. A., Raymo, F. M., 

Spencer, N., Stoddart, J. F., Chem. Eur. J. 1998, 4, 1244-1254. 

DOI: http://dx.doi.org/10.1002/(sici)1521-3765(19980710) 
4:7<1244::aid-chem1244>3.0.co;2-8 

53. Hahn, M. G., Annu. Rev. Phytopathol. 1996, 34, 387-412.  

DOI: http://dx.doi.org/10.1146/annurev.phyto.34.1.387  

54. Hanessain, S. Bacquet, C., Lehong, N., Carbo. Research, 1980, 
80(2), C17- C22.  

DOI: http://dx.doi.org/10.1016/s0008-6215(00)84882-x  

55. Uchida, H., Kabe, Y., Yoshino, K., Kawamata, A., Tsumuraya, T., 

Masamune, S., J. Am. Chem. Soc., 1990, 112, 7077–7079.  

DOI: http://dx.doi.org/10.1021/ja00175a062  
56. van der Made, A. W. and van Leeuwen, P. W. N. M., J. Chem. Soc., 

Chem. Commun., 1992, 1400–1401.  

DOI: http://dx.doi.org/10.1039/c39920001400  
57. vander Made, A. W., van Leeuwen, P.W.N.M., de Wilde J.C., 

Brandes, R.A.C., Adv. Mater 1993, 5, 466-468.  

DOI: http://dx.doi.org/10.1002/adma.19930050613  

58. Zhou Roovers, L.L., Macromol, 1993, 26, 963-968.  

DOI: http://dx.doi.org/10.1021/ma00057a013  
59. Seyferth, D., Son, D. Y., Rheingold, A. L., Ostrander, R. L., 

Organomettalics 1994, 13, 2682-2690.  

DOI: http://dx.doi.org/10.1021/om00019a026  
60. Hatano, K., Matsuoka, K., and Terunuma, D. Chem. Soc. Rev., 

2013, 42, 4574-4598.  

DOI: http://dx.doi.org/10.1039/c2cs35421g  
61. Sakamoto, J. I., Koyama, Miyamoto, T.D., Yingsakmongkon, S., 

Hidari, K, I. P. J., Jampangern, W., Suzuki, T. Suzuki, Y. Esumi, 
Y., Nakamura, T., Hatano, K., Terunuma, D., Matsuoka K., Bioorg 

& Med Chem, 2009, 17, 5451–5464.  

DOI: http://dx.doi.org/10.1016/j.bmc.2009.06.036  
62. Oka, H., Onaga, T., Koyama, T., Guo, C.T., Suzuki, Y. Esumi, Y., 

Hatano, K., Terunuma, D., Matsuoka, K. Bioorg & Med Chem, 

2009, 17, 5465–5475.  

DOI: http://dx.doi.org/10.1016/j.bmc.2009.06.035  

63. Singh, M., Gupta, S., Synth Comm, 2008, 38: 2898–2907.  

DOI: http://dx.doi.org/10.1080/00397910801993727  
64. Singh, M., Yadav, D. Yadav, R. K., J. Appl. Poly. Sci, 110 (5) 

2008, 2601-2614. 

DOI: http://dx.doi.org/10.1002/app.28780  

65. Carnahan, M. A., Grinstaff, M. W., Macromolecules 2001, 34, 
7648-7655.  

DOI: http://dx.doi.org/10.1021/ma010848n  
66. Seebach, D., Herrmann, G. F., Lengweiler, U. D., Bachmann, B. M., 

Amrein, W., Angew. Chem Int. Ed. 1996, 35, 2795-2797.  

DOI: http://dx.doi.org/10.1002/anie.199627951   
67. Morgan, M. T., Carnahan, M. A., Immoos, C. E., Ribeiro, A. A., 

Finkelstein, S., Le Grinstaff, M. W., J. Am. Chem. Soc. 2003, 125, 
15485-15489.  

DOI: http://dx.doi.org/10.1021/ja0347383   

68. Moore, J.S., Xu, Z, Macromolecules. 1991, 24, 5893-5894.  

DOI: http://dx.doi.org/10.1021/ma00021a030  
69. Buhleier, E., Wehner, W., Vögtle, F., Synthesis, 1978, 2, 155-158.  

DOI: http://dx.doi.org/10.1055/s-1978-24702  
70. Morgan O'H., Catherina L. S., Tracy M. H., Damon J. H., Exprt. 

Opin. Drug Discov. 2010, 5, 1109-1122.  

DOI: http://dx.doi.org/10.1517/17460441.2010.525633  
71. Vögtle, F., Fakhrnabavi, H., Lukin, O., Müller, S., Friedhofen, J. 

and Schally, C.A., Eur. J. Org. Chem., 2004, 4717-4724.  

DOI: http://dx.doi.org/10.1002/ejoc.200400472  
72. Denkewalter, R.G., Kolc, J.F., Lukasavage, W.J., U.S. Patent 4.-

410-688, 1983. 

73. Wörner C., Mülhaupt, R., Angew.Chem., Int. Ed. Engl. 1993, 32, 
1306-1308.  

DOI:  http://dx.doi.org/10.1002/anie.199313061  

74. De Brabander-van den Berg, E. M. M., Meijer, E. W., Angew. 

Chem., Int. Ed. Engl. 1993, 32, 1308-1311.  

DOI: http://dx.doi.org/10.1002/anie.199313081  

75. Tomalia, D. A. Supramolecular Stereochemistry, 1995, book 
chapter, 21-26.  

DOI: http://dx.doi.org/10.1007/978-94-011-0353-4_4  
76. Peerlings, H. W. I., Nepogodiev, S.A., Stoddart, J. F., Meĳer, E. W., 

Eur. Jo.of Org. chem, 1998, 9, 1879-1886. 

DOI: http://dx.doi.org/10.1002/(sici)1099-0690 
(199809)1998:9<1879::aid-ejoc1879>3.3.co;2-# 

77. Wooley, K. L., Hawker, C. J., Fréchet, J. M. J., J. Am. Chem. Soc. 

1991, 113, 4252-4261. 

DOI: http://dx.doi.org/10.1021/ja00011a031  

78. Hawker, C. J., Wooley, K. L., Adv. Dendr. Macromol. 1995, 2, 1-
39.  

DOI: http://dx.doi.org/10.1016/s1874-5229(06)80003-1  

79. Hawker, C. J., Fréchet, J. M. J., J. Am. Chem. Soc.,1990, 112, 7638-
7647.  

DOI: http://dx.doi.org/10.1021/ja00177a027  

80. Miller, T. M., Neenan, T. X., Chem. Mater. 1990, 2, 346-349.  

DOI: http://dx.doi.org/10.1021/cm00010a006 

81. Xu, Z., Moore, J. S., Angew. Chem., Int. Ed. Engl. 1993, 32, 1354-
1357.  

DOI: http://dx.doi.org/10.1002/anie.199313541  

82. Boas, U., Heegaard, P.M.H., Chem. Soc. Rev. 2004, 33, 43-63. 

DOI: http://dx.doi.org/10.1039/b309043b  

83. Hodge. P, Nature. 1993, 362, 18-19.  

DOI: http://dx.doi.org/10.1038/362018a0  

84. Hawker, C. J, Frechet J.M.J., J. Am. Chem. Soc. 1990, 112, 7638-
7647.  

DOI: http://dx.doi.org/10.1021/ja00177a027  

85. Hawker, C. J., Frechet, J.M.J., Chem. Soc., Chem. Commun. 1990, 
1010-1013.  

DOI:  http://dx.doi.org/10.1039/c39900001010  

http://dx.doi.org/10.1016/s1389-0352(01)00062-9
http://dx.doi.org/10.1002/(sici)1521-3773(19990201)%2038:3%3c369::aid-anie369%3e3.3.co;2-t
http://dx.doi.org/10.1002/(sici)1521-3773(19990201)%2038:3%3c369::aid-anie369%3e3.3.co;2-t
http://dx.doi.org/10.1021/cr970414j
http://dx.doi.org/10.1021/bc0000583
http://dx.doi.org/10.1039/b309043b
http://dx.doi.org/10.1002/anie.199113791
 http:/dx.doi.org/10.1002/(sici)1097-0282(20000405)%2053:4%3c316::aid-bip4%3e3.0.co;2-j 
 http:/dx.doi.org/10.1002/(sici)1097-0282(20000405)%2053:4%3c316::aid-bip4%3e3.0.co;2-j 
http://dx.doi.org/10.1007/s00396-001-0625-4
http://dx.doi.org/10.1021/ja9819007
http://dx.doi.org/10.1002/anie.199001381
http://dx.doi.org/10.1073/pnas.93.10.4897
http://dx.doi.org/10.1021/cr000418f
http://dx.doi.org/10.1016/s1389-0352(01)00062-9
http://dx.doi.org/10.1016/s1367-5931(02)%2000400-3 
http://dx.doi.org/10.1002/chem.19970030620
http://dx.doi.org/10.1002/(sici)1099-0690%20(199809)1998:9%3c1879::aid-ejoc1879%3e3.3.co;2-
http://dx.doi.org/10.1002/(sici)1099-0690%20(199809)1998:9%3c1879::aid-ejoc1879%3e3.3.co;2-
http://dx.doi.org/10.1021/ol005668x
http://dx.doi.org/10.1002/(sici)1521-3765(19980710)%204:7%3c1244::aid-chem1244%3e3.0.co;2-8
http://dx.doi.org/10.1002/(sici)1521-3765(19980710)%204:7%3c1244::aid-chem1244%3e3.0.co;2-8
http://dx.doi.org/10.1146/annurev.phyto.34.1.387
http://dx.doi.org/10.1016/s0008-6215(00)84882-x
http://dx.doi.org/10.1021/ja00175a062
http://dx.doi.org/10.1039/c39920001400
http://dx.doi.org/10.1002/adma.19930050613
http://dx.doi.org/10.1021/ma00057a013
http://dx.doi.org/10.1021/om00019a026
http://dx.doi.org/10.1039/c2cs35421g
http://dx.doi.org/10.1016/j.bmc.2009.06.036
http://dx.doi.org/10.1016/j.bmc.2009.06.035
http://dx.doi.org/10.1080/00397910801993727
http://dx.doi.org/10.1002/app.28780
http://dx.doi.org/10.1021/ma010848n
http://dx.doi.org/10.1002/anie.199627951
http://dx.doi.org/10.1021/ja0347383
http://dx.doi.org/10.1021/ma00021a030
http://dx.doi.org/10.1055/s-1978-24702
http://dx.doi.org/10.1517/17460441.2010.525633
http://dx.doi.org/10.1002/ejoc.200400472
http://dx.doi.org/10.1002/anie.199313061
http://dx.doi.org/10.1002/anie.199313081
http://dx.doi.org/10.1007/978-94-011-0353-4_4
http://dx.doi.org/10.1002/(sici)1099-0690%20(199809)1998:9%3c1879::aid-ejoc1879%3e3.3.co;2-
http://dx.doi.org/10.1002/(sici)1099-0690%20(199809)1998:9%3c1879::aid-ejoc1879%3e3.3.co;2-
http://dx.doi.org/10.1021/ja00011a031
http://dx.doi.org/10.1016/s1874-5229(06)80003-1
http://dx.doi.org/10.1021/ja00177a027
http://dx.doi.org/10.1021/cm00010a006
http://dx.doi.org/10.1002/anie.199313541
http://dx.doi.org/10.1039/b309043b
http://dx.doi.org/10.1021/ja00177a027
http://dx.doi.org/10.1039/c39900001010


 

Undre et al. 

Adv. Mater. Lett. 2016, 7(7), 502-516                                 Copyright © 2016 VBRI Press                                      514 
 

86. Miller, T. M., Neenan, T.X., Chem. Mater. 1990, 2, 346-349. 

DOI: http://dx.doi.org/10.1021/cm00010a006  

87. Xu, Z. F., Moore, J.S., Angew. Chem., Int. Ed. Engl. 1993, 32, 246-
248. 

DOI: http://dx.doi.org/10.1002/anie.199302461  

88. Moore, J. S., Xu, Z., Macromolecules. 1991, 24, 5893-5894.  

DOI: http://dx.doi.org/10.1021/ma00021a030  

89. Morikawa, A., Kakimoto, M., Imai, Y., Macromolecules 1993, 26, 
6324–6329. 

DOI: http://dx.doi.org/10.1021/ma00076a003  
90. Amabilino, D.B., Ashton, P.R., Balzani, V., Brown, C.L., Credi, A., 

Fre´chet, J.M.J., Leon, J.W., Raymo, F.M., Spencer, N., Stoddart, 

J.F., Venturi, M., J. Am. Chem. Soc. 1996, 118, 12012– 12020. 

DOI: http://dx.doi.org/10.1021/ja962113h  

91. Dhanikula R., Patrice Hildgen, Biomat, 2007, 28, 3140-3152.  

DOI: http://dx.doi.org/10.1016/j.biomaterials.2007.03.012  

92. M. Fischer; F. Vögtle. Angew. Chem., Int. Ed. Engl. 1999, 38, 884-
905.  

DOI: http://dx.doi.org/10.1002/(sici)1521-3773(19990401) 
38:7<884::aid-anie884>3.0.co;2-k  

93. Boas, U., Heegaard, P.M.H., Chem. Soc. Rev. 2004, 33, 43-63.  

DOI: http://dx.doi.org/10.1039/b309043b   

94. Brabander-van den Berg, E.M.M., Meijer, E.W., Angew. Chem., Int. 

Ed. Engl. 1993, 32, 1308-1311.  

DOI: http://dx.doi.org/10.1002/anie.199313081  

95. Wörner, C., Mülhaupt, R., Angew. Chem., Int. Ed. Engl. 1993, 32, 
1306-1308.  

DOI:  http://dx.doi.org/10.1002/anie.199313061  
96. Tomalia, D.A., Baker, H., Dewald, J.R., Hall, M., Kallos, G., 

Martin, S., Roeck, J., Ryder, J., Smith, P., Polym. J. 1985, 17, 117-
132.   

DOI: http://dx.doi.org/10.1295/polymj.17.117  

97. Tomalia, D.A., Aldrichimica Acta. 1993, 26, 91- 101. 

98. Hawker, C.J., Frechet, J.M.J., J. Am. Chem. Soc. 1990, 112, 7638-
7647.  

DOI: http://dx.doi.org/10.1021/ja00177a027  

99. Hawker, C.J., Frechet, J.M.J., Chem. Soc., Chem. Commun. 1990, 
1010-1013.  

DOI: http://dx.doi.org/10.1039/c39900001010  

100. Miller, T.M., Neenan, T.X., Chem. Mater. 1990, 2, 346-349. 

DOI: http://dx.doi.org/10.1021/cm00010a006  

101. Xu, Z.F., Moore, J.S., Angew. Chem., Int. Ed. Engl. 1993, 32, 1354-
1357.   

DOI: http://dx.doi.org/10.1002/anie.199313541  
102. Capitosti, G.J., Guerrero, C.D., Binkley, Jr. D. E. Rajesh, C.S., 

Modarelli, D.A., J. Org. Chem, 2003, 68, 247-261.  

DOI: http://dx.doi.org/10.1021/jo026520p 
103. Herrmann, A., Weil T., Sinigersky, V., Wiesler, U.M., Vosch, T., 

Hofkens, De Schryver, J. F.C., Müllen, K., Chem. Eur. J. 2001, 22, 
4844-4853.  

DOI: http://dx.doi.org/10.1002/1521-3765(20011119) 
7:22<4844::aid-chem4844>3.3.co;2-t  

104. Wooley, K.L., Hawker, C.J., Frechet, J.M.J., J. Am. Chem. Soc. 

1991, 113, 4252-4261. 

DOI: http://dx.doi.org/10.1021/ja00011a031  
105. Xu, Z., Kahr, M., Walker, K.L., Wilkins, C.L., Moore, J.S., J. Am. 

Chem. Soc. 1994, 116, 4537- 4550. 

DOI: http://dx.doi.org/10.1021/ja00090a002  
106. Kawaguchi, T., Walker, K.L., Wilkins, C.L., Moore, J.S., J. Am. 

Chem. Soc. 1995, 117, 2159-2165.  

DOI: http://dx.doi.org/10.1021/ja00113a005 
107. Hirayama, Y., Sakamoto Y., Yamaguchi, K., Sakamoto, S. 

Iwamura, M., Tetra Lett. 2005, 46, 1027-1030.  

DOI: http://dx.doi.org/10.1016/j.tetlet.2004.12.004  

108. Undre S.B., Singh M., Kale R.K., J. Mol. Liq., 182, 2013, 106–120. 

DOI: http://dx.doi.org/10.1016/j.molliq.2013.03.019.   
109. Xu, Z., Kahr, M., Walker, K.L., Wilkins, C.L., Moore, J.S., J. Am. 

Chem. Soc. 1994, 116, 4537– 4550.   

DOI: http://dx.doi.org/10.1021/ja00090a002  

110. Rajca, A., J. Org. Chem. 1991, 56, 2557–2563. 

DOI: http://dx.doi.org/10.1021/jo00007a054  
111. Boas, U., Karlsson, A.J., de Waal, B.F.M., Meijer, E.W., J. Org. 

Chem. 2001, 66, 2136–2145.  

DOI: http://dx.doi.org/10.1021/jo001573x  

112. Umali, A.P., Simanek, E. E., Org. Lett. 2003, 5, 1245– 1247.  

DOI: http://dx.doi.org/10.1021/ol034161u  
113. Chai, M., Niu, Y., Youngs, W. J., Rinaldi, P.L., J. Am. Chem. Soc. 

2001, 123, 4670– 4678.  

DOI: http://dx.doi.org/10.1021/ja002824m  
114. Lartigue, M.L., Donnadieu, B., Galliot, C., Caminade, A. M., 

Majoral, J.P., Fayet, J.P., Macromolecules, 1997, 30, 7335– 7337. 

DOI: http://dx.doi.org/10.1021/ma970570s  
115. Brauge, L., Magro, G., Caminade, A.M., Majoral, J.P., J. Am. 

Chem. Soc. 2001, 123, 6698– 6699.  

DOI: http://dx.doi.org/10.1021/ja0029228  
116. Herzog, U., Notheis, C., Brendler, E., Roewer, G., Thomas, B., 

Fresenius’ J. Anal. Chem. 1997, 357, 503– 504.  

DOI: http://dx.doi.org/10.1007/s002160050201  
117. Koper, G.J.M., van Genderen, M.H.P., Elissen-Roman, C., Baars, 

M.W.P.L., Meijer, E.W., Borkovec, M., J. Am. Chem. Soc. 1997, 
119, 6512– 6521.  

DOI: http://dx.doi.org/10.1021/ja970442j  
118. Kao, H.M., Stefanescu, A.D., Wooley, K.L., Schaefer, J., 

Macromolecules, 2000, 33, 6214–6216. 

DOI: http://dx.doi.org/10.1021/ma0006124  
119. de Brabander-van den Berg, E.M.M., Nijenhuis, A., Mure, M., 

Keulen, J., Reintjens, R., Vandenbooren, F., Bosman, B., de Raat, 
R., Frijns, T., van den Wal, S., Castelijns, M., Put, J.,  Meijer, E.W., 

Macromol. Symp. 1994, 77, 51– 62.  

DOI: http://dx.doi.org/10.1002/masy.19940770109  
120. Galliot, C., Prevote, D., Caminade, A.M., Majoral, J.P., J. Am. 

Chem. Soc. 1995, 117, 5470– 5476.  

DOI: http://dx.doi.org/10.1021/ja00125a006  
121. Furer, V.L., Kovalenko, V.I., Vandyukov, A.E., Majoral, J.P., 

Caminade, A.M., Spectrochim. Acta, Part A: Mol. Biomol. 

Spectrosc. 2002, 58,  
2905– 2912.  

DOI: http://dx.doi.org/10.1016/s1386-1425(02)00085-9  
122. Miller, L.L., Duan, R.G., Tully, D.C., Tomalia, D.A., J. Am. Chem. 

Soc. 1997,119, 1005–1010.  

DOI: http://dx.doi.org/10.1021/ja963270j  

123. Achar, S., Puddephatt, R.J., Angew. Chem., Int. Ed. Engl. 1994, 33, 
847–849.   

DOI: http://dx.doi.org/10.1002/anie.199408471  

124. Archut, A., Vogtle, F., De Cola, L., Azzellini, G.C., Balzani, V., 

Ramanujam, P.S., Berg, R.H., Chem. Eur. J. 1998, 4, 699–706. 

DOI: http://dx.doi.org/10.1002/(sici)1521-3765(19980416) 
4:4<699::aid-chem699>3.3.co;2-0  

125. Sebastian, R.M., Blais, J.C., Caminade, A.M., Majoral, J.P., Chem. 

Eur. J. 2002, 8, 2172– 2183.  

DOI: http://dx.doi.org/10.1002/1521-3765(20020503) 
8:9<2172::aid-chem2172>3.0.co;2-g  

126. Kim, C., Son, S., J. Organo. Chem. 2000, 599,123–127.  

DOI: http://dx.doi.org/10.1016/s0022-328x(99)00746-9  
127. Dirksen, A., Zuidema, E., Williams, R.M., De Cola, L., Kauffmann, 

C., Vo¨ gtle, Roque, F., Pina, A. F., Macromolecules 2002, 35, 
2743– 2747.  

DOI:  http://dx.doi.org/10.1021/ma011350o  
128. Hawker, C.J., Wooley, K.L., Fre´chet, J.M.J., J. Am. Chem. Soc. 

1993, 115, 4375– 4376.   

DOI: http://dx.doi.org/10.1021/ja00063a071  
129. Hummelen, J.C. Van Dongen, J.L.J., Meijer, E.W., Chem. Eur. J. 

1997, 3, 1489– 1493.  

DOI: http://dx.doi.org/10.1002/chem.19970030916  
130. Kallos, G.J., Tomalia, D.A., Hedstrand, D.M., Lewis, S., Zhou, J., 

Rapid Commun. Mass Spect. 1991, 5, 383– 386. 

DOI: http://dx.doi.org/10.1002/rcm.1290050902 
131. Sahota, H., Lloyd, P.M., Yeates, S.G., Derrick, P.J., Taylor, P.C., 

Haddleton, D.M., J. Chem. Soc., Chem. Commun., 1994, 2445. 

DOI: http://dx.doi.org/10.1039/c39940002445  
132. Kawaguchi, T., Walker, K.L., Wilkins, C.L., Moore, J.S., J. Am. 

Chem. Soc. 1995, 117, 2159–2165.  

DOI: http://dx.doi.org/10.1021/ja00113a005  

133. Russell, Z. L., Zhao, D.H., Crooks, M.R.M., Macromolecules, 2001, 
34, 3567– 3573.   

DOI: http://dx.doi.org/10.1021/ma001782j  
134. Lorenz, K., Mulhaupt, R., Frey, H., Rapp, U., Mayer-Posner, F.J., 

Macromolecules, 1995, 28, 6657– 6661.  

DOI: http://dx.doi.org/10.1021/ma00123a036  

http://dx.doi.org/10.1021/cm00010a006
http://dx.doi.org/10.1021/ma00076a003
http://dx.doi.org/10.1021/ja962113h
http://dx.doi.org/10.1016/j.biomaterials.2007.03.012
http://dx.doi.org/10.1002/(sici)1521-3773(19990401)%2038:7%3c884::aid-anie884%3e3.0.co;2-k 
http://dx.doi.org/10.1002/(sici)1521-3773(19990401)%2038:7%3c884::aid-anie884%3e3.0.co;2-k 
http://dx.doi.org/10.1039/b309043b
http://dx.doi.org/10.1002/anie.199313081
http://dx.doi.org/10.1002/anie.199313061
http://dx.doi.org/10.1295/polymj.17.117
http://dx.doi.org/10.1021/ja00177a027
http://dx.doi.org/10.1039/c39900001010
http://dx.doi.org/10.1021/cm00010a006
http://dx.doi.org/10.1002/1521-3765(20011119)%207:22%3c4844::aid-chem4844%3e3.3.co;2-t 
http://dx.doi.org/10.1002/1521-3765(20011119)%207:22%3c4844::aid-chem4844%3e3.3.co;2-t 
http://dx.doi.org/10.1021/ja00011a031
http://dx.doi.org/10.1021/ja00090a002
http://dx.doi.org/10.1016/j.tetlet.2004.12.004
http://dx.doi.org/10.1016/j.molliq.2013.03.019
http://dx.doi.org/10.1021/jo00007a054
http://dx.doi.org/10.1021/jo001573x
http://dx.doi.org/10.1021/ol034161u
http://dx.doi.org/10.1021/ja002824m
http://dx.doi.org/10.1021/ma970570s
http://dx.doi.org/10.1021/ja0029228
http://dx.doi.org/10.1007/s002160050201
http://dx.doi.org/10.1021/ja970442j
http://dx.doi.org/10.1021/ma0006124
http://dx.doi.org/10.1002/masy.19940770109
http://dx.doi.org/10.1021/ja00125a006
http://dx.doi.org/10.1016/s1386-1425(02)00085-9
http://dx.doi.org/10.1021/ja963270j
http://dx.doi.org/10.1002/(sici)1521-3765(19980416)%204:4%3c699::aid-chem699%3e3.3.co;2-0 
http://dx.doi.org/10.1002/(sici)1521-3765(19980416)%204:4%3c699::aid-chem699%3e3.3.co;2-0 
http://dx.doi.org/10.1002/1521-3765(20020503)%208:9%3c2172::aid-chem2172%3e3.0.co;2-g 
http://dx.doi.org/10.1002/1521-3765(20020503)%208:9%3c2172::aid-chem2172%3e3.0.co;2-g 
http://dx.doi.org/10.1016/s0022-328x(99)00746-9
http://dx.doi.org/10.1021/ma011350o
http://dx.doi.org/10.1002/chem.19970030916
http://dx.doi.org/10.1002/rcm.1290050902
http://dx.doi.org/10.1039/c39940002445
http://dx.doi.org/10.1021/ja00113a005
http://dx.doi.org/10.1021/ma00123a036


 

Review  Article                            Adv. Mater. Lett. 2016, 7(7), 502-516                      Advanced Materials Letters 

 Adv. Mater. Lett. 2016, 7(7), 502-516                                                                            Copyright © 2016 VBRI Press                                              
  

135. Maraval, V., Caminade, A.M., Majoral, J.P., Blais, J.C., Angew. 

Chem., Int. Ed. Engl. 2003, 42, 1822– 1826.  

DOI: http://dx.doi.org/10.1002/anie.200250827  
136. Chessa, G., Scivanti, A., Seraglia, R., Traldi, P., Rapid Comm. Mass 

Spectrom. 1998, 12, 1533–1537.  

DOI: http://dx.doi.org/10.1002/(sici)1097-0231(19981030) 
12:20<1533::aid-rcm340>3.0.co;2-2 

137. Coullerez, G., Lundmark, S., Malkoch, M., Magnusson, H., 

Malmstrom, E., Hult, A., Mathieu, H.J., Appl. Surf. Sci. 2003, 203–
204, 620– 624.  

DOI:  http://dx.doi.org/10.1016/s0169-4332(02)00778-x  
138. Merino, S., Brauge, L., Caminade, A.M., Majoral, J.P., Taton, D., 

Gnanou, Y., Chem. Eur. J., 2001, 7, 3095–3105.  

DOI: http://dx.doi.org/10.1002/1521-3765(20010716) 
7:14<3095::aid-chem3095>3.0.co;2-s  

139. Dvornic, P.R., Uppuluri, S., Rheology and solution properties of 
dendrimers, in: J.M.J. Fre´chet, D.A. Tomalia (Eds.), John Wiley & 

Sons, Chichester, 2001, 331– 358.  

DOI: http://dx.doi.org/10.1002/0470845821.ch14  
140. Scherrenberg, R., Coussens, B., van Vliet, P., Edouard, G., 

Brackman, J., de Brabander, E., Mortensen, K., Macromolecules, 

1998, 31, 456– 461.  

DOI: http://dx.doi.org/10.1021/ma9618181  
141. Newkome, G. R., Yao, Z. Q., Baker, G. R., Gupta, V. K., J Org 

Chem., 1985, 50, 2003-2006.  

DOI: http://dx.doi.org/10.1021/jo00211a052  

142. Bolten, B. M., DeGregorio, T., Nature Rev. Drug Dis. 2002, 1, 335-
336.  

DOI: http://dx.doi.org/10.1038/nrd805  
143. Di Masi, J. A., Hansen, R. W., Grabowski, H G., J. Health 

Economics, 2003, 22, 151-185.  

DOI: http://dx.doi.org/10.1016/s0167-6296(02)00126-1  

144. Langer, R. Nature, 1998, 392, 5-10. 

145. Liu, M., Fréchet, J. M., J. Pharm. Sci. Technol. Today, 1999, 2, 
393-401.  

DOI: http://dx.doi.org/10.1016/s1461-5347(99)00203-5  
146. Maeda, H. Fang, Jun, Inutsuka, T., Kitamoto, Y., Int. 

Immunopharmacol., 2003, 3, 319-328.  

DOI: http://dx.doi.org/10.1016/s1567-5769(02)00271-0  

147. Malik, N., Evagorou, E. G., Duncan, R. Anticancer Drugs, 1999, 

10, 767-776.  

DOI:  http://dx.doi.org/10.1097/00001813-199909000-00010  

148. Matsumura, Y., Maeda, H. Cancer Res., 1986, 46, 6387-6392. 

149. Duncan, R. Pharm. Sci. Technol. Today, 1999, 2, 441-449.  

DOI: http://dx.doi.org/10.1016/s1461-5347(99)00211-4  
150. Khopade, A. J., Frank C., Tripathi, P. K., Nagaich, S., Jain, N. K., 

Int. J. Pharma., 2002, 232, 157-162.  

DOI: http://dx.doi.org/10.1016/s0378-5173(01)00901-2  

151. Adeli, M., Zarnegar, Z., Kabiri, R. J. Appl. Polymer Sci., 2010, 43, 
3672-3681.  

DOI: http://dx.doi.org/10.1002/app.29756  

152. Kukowska-Latallo, J. F., Jr. Cancer Res. 2005, 65, 5317-5324.  

DOI: http://dx.doi.org/10.1158/0008-5472.can-04-3921  
153. Cuadrado, I., Moran, M., Casado, C.M., Alonso, B., Losada, J. 

Coord. Chem. Rev., 1999, 395, 193-195.  

DOI: http://dx.doi.org/10.1016/s0010-8545(99)00036-3  
154. Gong, Y., Matthews, B., Cheung, D., Tam, T., Gadawski, I., Leung, 

D., Holan, G., Raff, J., Sacks, S., Antiviral Res. 2002, 55, 319-329. 

DOI: http://dx.doi.org/10.1016/s0166-3542(02)00054-2  

155. Witvrouw, M., Fikkert, V., Pluymers, W., Matthews, B., Mardel, K., 
Schols, D., Raff, J., Debyser, Z., De Clercq, E., Holan, G., 

Pannecouque, C., Mol. Pharmacol. 2000, 58, 1100- 1108.  

DOI: http://dx.doi.org/ 10.1124/mol.58.5.1100 
156. Witvrouw, M., Weigold, H., Pannecouque, C.; Schols, D.; De 

Clercq, E.; Holan, G. J., Med. Chem. 2000, 43, 778-783.  

DOI: http://dx.doi.org/10.1021/jm980263s  

157. Chen, C. Z., Cooper, S. L. Biomaterials, 2002, 23, 3359-3368.  

DOI: http://dx.doi.org/10.1016/s0142-9612(02)00036-4  

158. Haensler, J., Szoka, F. C., J. Biocon. Chem., 1993, 4, 372-379.  

DOI: http://dx.doi.org/10.1021/bc00023a012  

159. Tang, M., Redemann, C. T., Szoka, F. C., J. Biocon Chem., 1996, 7, 
703-714.  

DOI: http://dx.doi.org/10.1021/bc9600630  
160. Dufes, C., Uchegbu, I. F., Schaetzlein, A. G., Adv. Drug Del. Rev., 

2005, 57, 2177-2202.  

DOI: http://dx.doi.org/10.1016/j.addr.2005.09.017  
161. Nishiyama, N., Iriyama, A., Jang, W.-D., Miyata, K., Itaka, K., 

Inoue, Y., Takahashi, H., Yanagi, Y., Tamaki, Y., Koyama, H., 

Kataoka, K., Nature Materials, 2005, 4, 934-941.  

DOI: http://dx.doi.org/10.1038/nmat1524  
162. Omidi, Y., Hollins, A. J., Drayton, R. M., Akhtar, S. J., Drug 

Targeting, 2005, 13, 431- 443.  

DOI: http://dx.doi.org/10.1080/10611860500418881  
163. Bayele, H. K., Sakthivel, T., O'Donell, M., Pasi, K. J., Wilderspin, 

A. F., Lee, C. A., Toth, I., Florence, A. T., J. Pharm. Sci., 2005, 94, 
446-457.  

DOI: http://dx.doi.org/10.1002/jps.20230  
164. Braun, C. S., Vetro, J. A., Tomalia, D. A., Koe, G. S., Koe, J. G., 

Middaugh, C. R., J. Pharm. Sci., 2005, 94, 423-436.  

DOI: http://dx.doi.org/10.1002/jps.20251  

165. Grinstaff, M. W. Chem. Eur. J., 2002, 8, 2838-2846.  

DOI: http://dx.doi.org/10.1002/1521-3765(20020703) 
8:13<2838::aid-chem2838>3.0.co;2-i  

166. Wathier, M., Jung, P. J., Carnahan, M. A., Kim, T., Grinstaff, M. 

W., J. Am. Chem. Soc., 2004, 126, 12744-12745.  

DOI: http://dx.doi.org/10.1021/ja045870l  
167. Velazquez Andrew, J., Carnahan Michael, A., Kristinsson, J., 

Stinnett, S., Grinstaff Mark, W., Kim, T., Arch. Ophthalmol., 2004, 
122, 867-870.  

DOI: http://dx.doi.org/10.1001/archopht.122.6.867  
168. Vincent, L., Varet, J., Pille, J.Y., Bompais, H., Opolon, P., 

Maksimenko, A., Malvy, C., Mirshahi, M., Lu, H., Vannier, J.P., 

Soria, C., Li, H., Int. J. Cancer, 2003, 105, 419-429.  

DOI: http://dx.doi.org/10.1002/ijc.11105  
169. Wiener, E. C., Brechbiel, M. W., Brothers, H., Magin, R. L., 

Gansow, O. A., Tomalia, D. A., Lauterbur, P. C., Magn. Reson. 

Med., 1994, 31, 1-8.  

DOI: http://dx.doi.org/10.1002/mrm.1910310102  

170. Kobayashi, H., Brechbiel, M. W., Mol. Imaging, 2003, 2, 1-10. 

DOI: http://dx.doi.org/10.1162/153535003765276237  
171. Stiriba, S.-E.; Frey, H.; Haag, R., Angew. Chem., Int. Ed. Engl. 

2002, 41, 1329-1334.  

DOI: http://dx.doi.org/10.1002/1521-3773(20020415) 
41:8<1329::aid-anie1329>3.0.co;2-p  

172. Langereis, S., De Lussanet, Q. G., Van Genderen, M. H. P., Backes, 

W. H., Meijer, E. W.,  Macromolecules,  2004, 37, 3084-3091. 

DOI: http://dx.doi.org/10.1021/ma035983+  
173. Konda, S. D., Wang, S., Brechbiel, M., Wiener, E. C., Invest. 

Radiol. 2002, 37, 199-204.  

DOI: http://dx.doi.org/10.1097/00004424-200204000-00005  

174. Sadler, K., Tam, J. P., Rev. Mol. Biotechnol., 2002, 90, 195-229.  

DOI: http://dx.doi.org/10.1016/s1389-0352(01)00061-7  

175. Tam, J. P. Proc. Natl. Acad. Sci. U.S.A., 1988, 85, 5409-5413. 

DOI: http://dx.doi.org/10.1073/pnas.85.15.5409  
176. Moreno, R., Jiang, L., Moehle, K., Zurbriggen, R., Gluck, R., 

Robinson, J. A., Pluschke, G., ChemBioChem, 2001, 2, 838-843. 

DOI: http://dx.doi.org/10.1002/1439-7633(20011105) 
2:11<838::aid-cbic838>3.0.co;2-4  

177. Okitsu, S.L., Kienzl, U., Moehle, K., Silvie, O., peduzzi, E., 
Mueller, M. S., Sauerwein, R.W., Matitle, H., Zubriggen, R., 
Mazier, D., Robinson, J. A., Pluschke, G., Chem& Bio, Cell press, 

2007, 14(5), 577-587.  

DOI: http://dx.doi.org/10.1016/j.chembiol.2007.04.008  
178. Ota, S., Ono, T., Morita, A., Uenaka, A., Harada, M., Nakayama, E., 

Cancer Res. 2002, 62, 1471-1476.    
179. Wong, W.W.H., Ma, C. Q., Pisula, W., Yan, C., Feng, X., Jones, 

D.J., Mullen, K., Janssen, R.A.J., Bauerle, P., Holmes, Andrew, B. 

Chem. Mater., 2010, 22, 457-466.  

DOI: http://dx.doi.org/10.1021/cm903272y  
180. Lu, J., Xia, P.F., Lo, P.K., Tao, Y., Wong, M.S. Chem. Mater., 

2006, 18, 6194-6203.  

DOI: http://dx.doi.org/10.1021/cm062111o  
181. Mongin, O., Rama, K.T., Werts, M.H.V., Caminade, A.M., Majoral, 

J.P., Blanchard- Desce, M. Chem. Commun., 2006, 915-917.  

DOI: http://dx.doi.org/10.1039/b517270e  
182. Routaboul, L., Vincendeau, S., Turrin, C.O., Caminade, A.M., 

Majoral, J. P., Daran, J.C., Manoury, E., J. Organometa. Chem, 

2007,692, 5(1), 1064-1073.  

DOI: http://dx.doi.org/10.1016/j.jorganchem.2006.10.065  

http://dx.doi.org/10.1002/anie.200250827
http://dx.doi.org/10.1002/(sici)1097-0231(19981030)%2012:20%3c1533::aid-rcm340%3e3.0.co;2-2
http://dx.doi.org/10.1002/(sici)1097-0231(19981030)%2012:20%3c1533::aid-rcm340%3e3.0.co;2-2
http://dx.doi.org/10.1002/1521-3765(20010716)%207:14%3c3095::aid-chem3095%3e3.0.co;2-s 
http://dx.doi.org/10.1002/1521-3765(20010716)%207:14%3c3095::aid-chem3095%3e3.0.co;2-s 
http://dx.doi.org/10.1002/0470845821.ch14
http://dx.doi.org/10.1021/ma9618181
http://dx.doi.org/10.1021/jo00211a052
http://dx.doi.org/10.1038/nrd805
http://dx.doi.org/10.1016/s0167-6296(02)00126-1
http://dx.doi.org/10.1016/s1461-5347(99)00203-5
http://dx.doi.org/10.1016/s1567-5769(02)00271-0
http://dx.doi.org/10.1097/00001813-199909000-00010
http://dx.doi.org/10.1016/s1461-5347(99)00211-4
http://dx.doi.org/10.1016/s0378-5173(01)00901-2
http://dx.doi.org/10.1002/app.29756
http://dx.doi.org/10.1158/0008-5472.can-04-3921
http://dx.doi.org/10.1016/s0010-8545(99)00036-3
http://dx.doi.org/10.1016/s0166-3542(02)00054-2
http://dx.doi.org/10.1021/jm980263s
http://dx.doi.org/10.1016/s0142-9612(02)00036-4
http://dx.doi.org/10.1021/bc00023a012
http://dx.doi.org/10.1021/bc9600630
http://dx.doi.org/10.1016/j.addr.2005.09.017
http://dx.doi.org/10.1038/nmat1524
http://dx.doi.org/10.1080/10611860500418881
http://dx.doi.org/10.1002/jps.20230
http://dx.doi.org/10.1002/jps.20251
http://dx.doi.org/10.1002/1521-3765(20020703)%208:13%3c2838::aid-chem2838%3e3.0.co;2-i 
http://dx.doi.org/10.1002/1521-3765(20020703)%208:13%3c2838::aid-chem2838%3e3.0.co;2-i 
http://dx.doi.org/10.1021/ja045870l
http://dx.doi.org/10.1001/archopht.122.6.867
http://dx.doi.org/10.1002/ijc.11105
http://dx.doi.org/10.1002/mrm.1910310102
http://dx.doi.org/10.1162/153535003765276237
http://dx.doi.org/10.1002/1521-3773(20020415)%2041:8%3c1329::aid-anie1329%3e3.0.co;2-p 
http://dx.doi.org/10.1002/1521-3773(20020415)%2041:8%3c1329::aid-anie1329%3e3.0.co;2-p 
http://dx.doi.org/10.1021/ma035983+
http://dx.doi.org/10.1097/00004424-200204000-00005
http://dx.doi.org/10.1016/s1389-0352(01)00061-7
http://dx.doi.org/10.1073/pnas.85.15.5409
http://dx.doi.org/10.1002/1439-7633(20011105)%202:11%3c838::aid-cbic838%3e3.0.co;2-4 
http://dx.doi.org/10.1002/1439-7633(20011105)%202:11%3c838::aid-cbic838%3e3.0.co;2-4 
http://dx.doi.org/10.1016/j.chembiol.2007.04.008
http://dx.doi.org/10.1021/cm903272y
http://dx.doi.org/10.1021/cm062111o
http://dx.doi.org/10.1039/b517270e
http://dx.doi.org/10.1016/j.jorganchem.2006.10.065


 

Undre et al. 

Adv. Mater. Lett. 2016, 7(7), 502-516                                 Copyright © 2016 VBRI Press                                      516 
 

183. Joost N.H.R., Groot, D., Oosterom, G.E., Kamer, P.C.J, van 

Leeuwen, piet W.N.M.P., Comptes. Rendus Chimie, 2003, 6, 8–10, 
1061-1077.  

DOI: http://dx.doi.org/10.1016/j.crci.2003.06.007  

184. Joost N.H.R., Groot, D., Oosterom, G.E., Kamer, P.C.J, van  

Leeuwen, W.N.M.P., Rev. Mol. Biotechnol., 2002, 90, 3–4, 159-
181.  

DOI: http://dx.doi.org/10.1016/s1389-0352(01)00059-9   
185. Berget, P.E., Teixeira, J. M., Jacobsen, J. L., Schore, N.E., Tetra 

Lett., 2007, 48 (46), 8101-8103.  

DOI: http://dx.doi.org/10.1016/j.tetlet.2007.09.115  

186. Bellis E., Kokotos, G., J Mol Catalysis A: Chemical, 2005, 241, 1–
2, 166-174.  

DOI:  http://dx.doi.org/10.1016/j.molcata.2005.05.047  
187. Caminade, A.M., Maraval, V., Laurent, R., Turrin, C.O., Sutra, P., 

Leclaire, J., Griffe, L., Marchand, P., Cécile B.D., Rebout, C., 

Majoral, J.P., ComptesRendusChimie, 2003, 6, 8–10, 791-801. 

DOI: http://dx.doi.org/10.1016/j.crci.2003.04.009  

188. Caminade, A.M., Majoral, J. P., Coord. Chem. Rev., 2005, 249, 17–
18, 1917-1926.  

DOI:  http://dx.doi.org/10.1016/j.ccr.2005.01.021  
189. Karim, F., Gatard, S., Mohamadou, A., Laurent, D., Bouquillon, S., 

Inorg. Chem. Comm., 2013, 27,  
101-104.  

DOI: http://dx.doi.org/10.1016/j.inoche.2012.10.030  

190. Thatavarathy R., Narayanaswamy J., Tetra., 2004, 60, 45, 1, 10325-
10334.  

DOI: http://dx.doi.org/10.1016/j.tet.2004.08.067  

191. Newkome, G. R., Shreiner, C. D., Polymer, 2008, 49, 1, 10, 1.  

DOI: http://dx.doi.org/10.1016/j.polymer.2007.10.021  

192. Baskar N., Narayanaswamy J., J Organomet. Chem., 2011, 696, 3, 
1, 722-730.  

DOI: http://dx.doi.org/10.1016/j.jorganchem.2010.09.054  
193. Groot, D., Emmerink, P.G., Coucke, C, Joost, N.H.R., Kamer, C.J 

P., van Leeuwen, W.N.M. P., Inorg. Chem. Comm., 2000, 3, 12, 
711-713. 

DOI: http://dx.doi.org/10.1016/s1387-7003(00)00168-4  
194. Rodríguez, L.I., Rossell, O., Seco, Miquel., Muller, G., J 

Organomet. Chem., 2007, 692, 4, 15, 851-858.  

DOI: http://dx.doi.org/10.1016/j.jorganchem.2006.10.035  

195. Reek, J.N.H., Arévalo, S., Heerbeek, R., Kamer P.C.J., van Leeuwen 

P.W.N.M., Adv. in Catalysis, 2006, 49, 71-151.  

DOI: http://dx.doi.org/10.1016/s0360-0564(05)49002-1  

196. Connelly N.G., Geiger W.E., Chem. Rev. 1996, 96, 877-910.  

DOI: http://dx.doi.org/10.1021/cr940053x  
197. Han, H.J., Kannan, R.M., Wang, S., Mao, G., Kusanovic, J.P., 

Romero, R. Adv.Funct. Mater. 2010, 20, 409-421.  

DOI: http://dx.doi.org/10.1002/adfm.200901293  
198. Astruc, D., Hamon, J.-R., Althoff, G., Roman, E., Batail, P., 

Michaud, P., Mariot, J. P.,Varret, F., Cozak, D., J. Am. Chem. Soc., 

1979, 101, 5445-5447.  

DOI: http://dx.doi.org/10.1021/ja00512a071  

199. Miller, T.M., Neenan, T.X., Chem. Mater., 1990, 2, 346-346. 

DOI: http://dx.doi.org/10.1021/cm00010a006  
200. Sali, S., Grabchev, I., Chovelon, J.-M., Ivanova, G. Spectrochim. 

Acta A: Mol. Biomol. Spectr. 2006, 65, 591-597.  

DOI: http://dx.doi.org/10.1016/j.saa.2005.12.016  

201. Goddard, J.M., Erickson, D.S. Anal. Bioanal. Chem., 2009, 394, 
469-479.  

DOI: http://dx.doi.org/10.1007/s00216-009-2731-y  
202. Gao, J., Cui, Y., Yu, J., Lin, W., Wang, Z., Qian, G. J. Mater. 

Chem., 2011, 21, 3197-3203.  

DOI: http://dx.doi.org/10.1039/c0jm03367g  

203. Gauthier, M., Munam, A. Macromolecules, 2010, 43, 3672-3681.  

DOI: http://dx.doi.org/10.1021/ma1004056  
204. Maraval, V., Laurent, R., Donnadieu, B., Mauzac, M., Caminade, 

A.M., Majoral, J. P., J. Am. Chem. Soc., 2000, 122, 2499-2511. 

DOI: http://dx.doi.org/10.1021/ja992099j  
205. Scherrenber, R., Coussens, B., Van Vliet, P., Edouard, G., 

Brackman, J., De Brabander, E., Mortensen, K., Macromolecules, 

1998, 31, 456-461.  

DOI: http://dx.doi.org/10.1021/ma9618181  

206. Murugan, E., Vimala, G. J.Colloid Inter. Sci., 2011, 354 – 357. 

DOI: http://dx.doi.org/10.1016/j.jcis.2011.02.009  

207. Landmark, K.J., DiMaggio, S., Ward, J., Kelly, C., Vogt, S., Hong, 
S., Kotlyar, A., Myc, A, Thomas, T.P., Penner-Hahn, J.E., Baker, 

Jr., J.R., BanaszakHoll, M.M., Orr, B.G., ACS, Nano, 2008, 2, 773-
783.  

DOI: http://dx.doi.org/10.1021/nn800034w  

 

http://dx.doi.org/10.1016/j.crci.2003.06.007
http://dx.doi.org/10.1016/s1389-0352(01)00059-9
http://dx.doi.org/10.1016/j.tetlet.2007.09.115
http://dx.doi.org/10.1016/j.molcata.2005.05.047
http://dx.doi.org/10.1016/j.crci.2003.04.009
http://dx.doi.org/10.1016/j.ccr.2005.01.021
http://dx.doi.org/10.1016/j.inoche.2012.10.030
http://dx.doi.org/10.1016/j.tet.2004.08.067
http://dx.doi.org/10.1016/j.polymer.2007.10.021
http://dx.doi.org/10.1016/j.jorganchem.2010.09.054
http://dx.doi.org/10.1016/s1387-7003(00)00168-4
http://dx.doi.org/10.1016/j.jorganchem.2006.10.035
http://dx.doi.org/10.1016/s0360-0564(05)49002-1
http://dx.doi.org/10.1021/cr940053x
http://dx.doi.org/10.1002/adfm.200901293
http://dx.doi.org/10.1021/ja00512a071
http://dx.doi.org/10.1021/cm00010a006
http://dx.doi.org/10.1016/j.saa.2005.12.016
http://dx.doi.org/10.1007/s00216-009-2731-y
http://dx.doi.org/10.1039/c0jm03367g
http://dx.doi.org/10.1021/ma1004056
http://dx.doi.org/10.1021/ja992099j
http://dx.doi.org/10.1021/ma9618181
http://dx.doi.org/10.1016/j.jcis.2011.02.009
http://dx.doi.org/10.1021/nn800034w

