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Abstract

In the current era, the dendrimers have vast potential applications in the area of electronics, healthcare, pharmaceuticals,
biotechnology, engineering products, photonics, drug delivery, catalysis, electronic devices, nanotechnologies and envi-
ronmental issues. This review recaps the synthesis, characterization and applications of poly-aliphatic amine dendrimers.
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Introduction
Dendrimers and dendron

The “dendrimer” term has been derived from the Greek
word dendron, meaning “tree” or “branch”, and meros mean-
ing “part”. The terms "Arboroles" and "cascade polymers"
are also used for dendrimers. In 1978, Fritz Vogtle first time
reported the synthesis of a dendrimer. In 1983, Tomalia et al.
introduced, a novel class of dendrimers constructed with a
blend of amines and amides. These polyamidoamine den-
drimers are generally called PAMAM dendrimers [1-6].
Ever since, more than 100 dendritic structures have been
designated to explore the improved properties and innovative
applications in fields such as nano- and bio-technologies,
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catalysis and materials science [7-15]. During the 1980s
and 1990s, many dendrimers were designed by different
researchers [2].

Figure 1 shows the well-defined structure of a dendrimer
composed of various components:

a) Multiple reactive sites originate from the central core
which further grows into branches layer-by-layer in a
symmetric fashion to form dendrimer generations.

b) Terminal groups surfaces increases radially and provide
platforms for the covalent add-on of multiple functions.

c) After third or fourth generation, internal cavities formed
which give the dendrimers a circular shape.

The foremost part is the focal core, captures different
chemical species which possess incomparable properties
because of the distinctive nano-environment enclosed by
various dendritic splitting.

Second part consists of different internal layers of iter-
ating units provides a stretchy interstellar of dendritic
constructing blocks, to capture numerous minor guest
molecules.

Third part describing the dendrimer’s macroscopic prop-
erties is composed of multivalent surface that can attach
various functionalities to interact with the external environ-
ment [4].

Figure 2 shows the structure of a dendron in which focal
point is a distinct chemically addressable group. Branches
originate only to one direction.
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Fig.2 Basic array of a dendron

Terms and nomenclature used in dendrimer science

A few terms and abbreviations utilized in the dendrimer
science have been clarified. A brief structural classifica-
tion has been depicted.

Hyperbranched polymers is a term clarifying a
particular class of polymers typically get by incoherent
polymerization of AB, (n>2) monomers, for the most
part by one-pot reaction. Dendrimers have a place with an
exceptional instance of hyperbranched polymers with an
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Fig.3 Evolution of linear polymers to dendritic assemblies
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exact structure. To enhance the availability of dendritic
assemblies, hyperbranched polymers are for sure reasons
used as dendrimer "mimics", due to their more facile
synthesis. In any case, being polydisperse, these sorts of
polymers are not legitimate to analyze the chemical events
taking place which for the most part need a specific con-
strained engineered topic empowering the master to exam-
ine the substance strategies happening. The physicochemi-
cal properties of the undefined hyperbranched polymers
are at center between linear polymers and dendrimers as
shown in Fig. 3 [16].

Dendrigrafts constitute a class of dendritic polymers just
like dendrimers that can be worked with a well-described
molecular structure, for instance being monodisperse. Be
that as it may, as opposed to dendrimers, dendrigrafts are
focused on linear polymer chain, to which branches includ-
ing copolymer chains are attached. These copolymer chains
are also changed with other copolymer chains, and so on,
giving a hyperbranched substance created by a fixed number
of joined polymers [17]. While the dendrimer look like a tree
in structure, the central bit of a dendrigraft somewhat be like
the structure of a palm-tree.

Dendrons are dendritic wedges with no center. The den-
drimer can be synthesized by combining at least two den-
drons. Dendrons are entirely significant tools in the syn-
thesis of dendrimers by the convergent synthesis. A class
of dendrons, monetarily open and has been used with mul-
titudinous achievement in the covalent and non-covalent
assembly of dendrimers, is known as the "Fréchet-type
dendrons" [18-20]. These are dendritic wedges created by
hyperbranched polybenzylether structure, similar to the
Fréchet-type dendrimers. These dendrons have been used
in the advancement of various dendrimers having different
structures and capacities.

Generation is typical for all dendrimer designs and the
hyperbranching when moving from the focal point of the
dendrimer toward the edges, achieving homo-assistant lay-
ers between the focal core points. Generation number is the
amount of focal centers climbing from the center towards
the outside of a dendrimer. For example, a dendrimer having
five focal centers when creating from the middle towards
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the surface is the fifth-generation dendrimer and is abbre-
viated as G5-dendrimer, for instance fifth-generation poly-
amidoamine and polypropylene imine dendrimers can be
compressed as "G5-PAMAM" and "G5-PPI" dendrimers
independently. The focal point of the dendrimer is intermit-
tently implied as zero generation or as "G0". The core struc-
ture having no focal centers, such as hydrogen substituents,
cannot be considered as focal core points. Thus, in PPI den-
drimers, 1,4-diaminobutane addresses the GO focus structure
and in PAMAM starburst dendrimers base addresses the GO
focus structure. Intermediates during the dendrimer associa-
tion are so often implied as half-generation. A perceived
model is the carboxylic finished PAMAM dendrimer which,
would has properties attractive over the amino-terminated
dendrimers when associated with normal structures.

Shell: The dendrimer shell is the "generation space" spa-
tially separated between the focal core interests. The outside
shell is the space between the end spreading point and the
periphery. The inward shells are generally implied as the
dendrimer interior.

Pincer: Dendrimer’s external shell involves a variable
number of pincers molded by the last focal point before
moving to the dendrimer surface. In PPl and PAMAM den-
drimers, the number of pincers is half the amount of terminal
surface groups as in these dendrimers, the chain disconnects
into two chains in each focal point.

End-group is normally referred as the "terminal group"
or the "surface group" of the dendrimer. The word termi-
nal is not as exact, as in the dendrimer branches can some-
times fold into the interior of the dendrimer. Dendrimers
having amine terminal are named as "amino-terminated
dendrimers".

Map dendrimer outlook for "multiple antigen peptide",
is a dendron-like molecular create reliant on a polylysine
skeleton. Lysine with its alkylamino side-chain serves as a
good monomer for the introduction of numerous branching
points. This sort of dendrimer was first reported by Tam
in 1988 [21]. It has usage in biological applications, for
instance, vaccine and diagnostic research. The main point is
its exceptional structure, a "tree shaped" dendron without an
inside. Nonetheless, whole dendrimer has been based upon
this motif either by segmental coupling in solution using
dendrons or stepwise by solid-phase synthesis.

PPI-dendrimers signify "poly(propylene imine)" depict-
ing the propylamine spacer moieties in the dendrimer was
developed initially by Buhleier et al. [22]. These dendrim-
ers are typically poly-alkylamines having primary amines as
surface groups. The dendrimer inside is made up of various
tertiary tris-propylene amines. PPI dendrimers are com-
mercially open up to generation five, and have found wide
applications in material science. As an alternative name to
PPI, POPAM is sometimes used to depict this class of den-
drimers. POPAM stands to poly(propylene amine).

PEI-dendrimers are constitute a less standard sub-class
of PPI dendrimers reliant on poly(ethylene imine) dendritic
branches. In these dendrimers, diaminoethane or diamino-
propane are the core structures.

PAMAM dendrimers stance for polyamido-amine,
and refer to one of the sole dendrimer types made up of
polyamide branches with tertiary amines as a middle point.
After the initial report by Tomalia et al. [5, 23] in the mid-
1980s, PAMAM dendrimers have found wide use in science.
PAMAM dendrimers are commercially available, usually as
methanol solutions. The PAMAM dendrimers having end or
surface amino groups (full generations) or carboxylic acid
groups (half-generation) have been prepared. PAMAM den-
drimers are commercially available up to G10 [18].

Starburst dendrimers is the trademark name for a sub-
class of PAMAM dendrimers reliant on a tris-aminoethyl-
ene-imine focus. The structures of such type of dendrimers
appear star like when one looks structures of the high-gen-
eration dendrimers of this type in two dimension. These
dendrimers are ordinarily known under the abbreviation
PAMAM (Starburst) or just Starburst.

Fréchet-type dendrimers are the recent type of den-
drimers made by Hawker and Fréchet [18-20] subject to
a poly-benzylether hyperbranched skeleton. These kind of
dendrimers can be symmetric or grown unevenly including
2 or 3 bits of segmental parts (dendrons) with, e.g. differ-
ent generation or surface motif. These dendrimers usually
have carboxylic acid groups as surface groups which act as
anchoring points for further surface functionalization, and
also help to increase the solubility of this hydrophobic den-
drimer type in polar solvents or aqueous media.

Black ball: Due to the large molecular structure of a
dendrimer, the full picture of reactions taking place on the
dendrimer surface or in the outer shell could be difficult to
depict. A way to facilitate the depiction of these macromol-
ecules is by showing the inner (and unmodified) part of the
dendrimer as a “black ball”. Depending on whether the reac-
tion takes place at the surface groups or in the outer shell,
the appropriate part of the molecular motif, e.g. the outer
pincers, may be fully drawn out to give a concise picture of
a reaction involving the outer shell. In this way of reactions
taking place at the dendrimer surface or in the outer shell is
greatly simplified.

Dendrimer design

After the basic reports and improvement of these specific
well-described structures, logical specialists have begun to
develop excessive number of different designs of dendrimers
for wider applications. Newkome and his group [24] have
developed the unimolecular micelle consisting of an almost
pure hydrocarbon scaffold. Majoral and Caminade have
introduced the multivalent phosphorus to create intriguing
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new dendrimeric designs and dendrimers having new prop-
erties. Silicon and sulfur have also been participated in the
dendritic structures resulting dendrimers having different
properties from the conventional PAMAM and PPI designs
[25]. The carbohydrates [26], amino acids [20] and nucleo-
tides [27-29] have been applied as monomers also. Utilizing
biological relevant monomers as building blocks presents an
intriguing opportunity to incorporate biological recognition
properties into the dendrimer [20, 26]. Metals can serve as
good focal points and have found extensive use in various
functional dendrimer designs as well as in the synthesis of
dendrimers by self-assembly [30].

Synthetic methodologies for the dendrimer
synthesis

Two significant methodologies like divergent or conver-
gent can be utilized to prepare dendrimers in contrast to the
growth of direction. The divergent methodology (Fig. 4) was
familiarized by Tomalia and Newkome [2, 31]. The conver-
gent methodology (Fig. 5) was presented by Hawker and
Frechet [19, 32]. The two methodologies supplement one
another. Recently, a third methodology is introduced by Per-
cec group [33] double-stage convergent—divergent strategy
(Fig. 6).

In the early periods, unique methodology was used which
is an inside-outward [34-36]. It begins to develop from the
center of the dendrimer and arms are added by incorporating

construction hinders in a complete and turning way. New
monomer auxiliary can be introduced to the developing
exterior of the circle in every age (Fig. 4). The proficiency
of synthetic combination is fundamentally improved with
the procedure of unique union. Unique union is routinely
another alternative to direct amalgamation or focalized blend
[37]. The main demerits of this methodology are the incom-
plete growth and the side reactions which lead to blemished
dendrimers. The side reactions and imperfections can be
minimized by using reagents in excessive amounts.

In the convergent methodology, the growth of dendrim-
ers is from outward-in, wherein dendrons are coordinated
regardlessly and are in this manner coupled to a spread
center. It starts growing from the outward; begin with the
molecular structure which finally transforms into the fringe
arm of the end dendrimer (Fig. 5). In this procedure, the end
generation number is pre-calculated, mixing the parts of a
combination of basic dimensions up to this time for each
generation [38].

The two methods have their own advantages and disad-
vantages. With an extension in the generation number of
dendrimers using unique advancement, the amount of open
end clusters at the periphery extends exponentially and it
ends up being to an incredible degree difficult to motivate
100% change to get defect free dendrimers at larger gen-
erations. The cleansing of dendrimers winds up trouble-
some, and in like manner, an excess of reagents is required
to change over different terminal groups. However, the
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Fig.4 Divergent synthetic method
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Fig.6 Combined divergent—convergent synthesis [33]

development can be controlled and stopped at any stage as
demonstrated by the need of number of terminal groups and
size of dendrimers using special procedures. The concurrent
methodology, on the other hand, can create imperfection free
dendrimers in view of the proximity of less number of end
groups. As the dendrons are smaller in size, the cleansing is
almost more straightforward [37].

In the combined convergent—divergent strategy, the syn-
thesis of aliphatic polyamide dendrimers till G3 with EDA
core and G5 with PPZ core have been achieved (Fig. 6) [33].

Polyamidoamine (PAMAM) dendrimers [5, 39] are one
of the huge classes of dendrimers. The different arms in
PAMAM dendrimers promote the availability and utiliza-
tion of surface functionalities [40]. It is typically difficult
to integrate monodisperse higher generation dendrimers
with no cut arms. Therefore, as to propel the limit of den-
drimer blend, a decrease in opportunity to integrate bigger
generation, various techniques to diminish these combina-
tions have been referred. These include two fold expo-
nential development, two fold organize, hyper monomer,
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and symmetrical coupling systems. In this methodology,
hyperbranched monomers [41, 42] (AB2) can be utilized
to make bigger generation items in a less number of steps.
Symmetrical functionalities utilized for AB2 type mono-
mers can upgrade a few inadequacies forced by old style
dendrimer union. However, a straightforward and reason-
able engineered approach to aliphatic polyamide dendrim-
ers utilizing AB2 hyper monomer has not yet been noted.

In the literature, different kinds of dendrimers and den-
drons have been reported:

Tomalia et al. introduced the first family of dendrimers
[43 and reference therein]. At that time, poly(amidoamine)
(PAMAM) dendrimers with molecular weights ranging to
25,000 were prepared on a marketable scale.

The dendrimers shown in the (Fig. 7a, b) have been syn-
thesized by the addition of the branches in the first step to
methyl acrylate via exhaustive Michael addition followed
by aminolysis. Ethylene diamine is a key core [44].

Literature reveal the synthesis of a number of aliphatic
polyamide amine dendrimers shown in Fig. 8 [33 and ref-
erences therein].

PAMAM dendrons based silica-coated magnetic nano-
particles have been synthesized (Fig. 9). The dendritic
species have been claimed to show selectivity and greater
reactivity for hydroformylation reactions [45].

Polyamide dendrimer with ethylene diamine (EDA) core
has been synthesized to G3 by divergent method. The syn-
thesis of dendrimers having 3,3’-diaminopivaloyl moieties
involves the successive acylation—hydrogenation reactions.
The generations of dendrimer have been grown by amide
bond formation [46]. Figure 10 describes the strategy planned
for construction of dendrimer containing two iterative steps:
one involves the linkage between azide species and whichever
the dendrimer center or terminal amino groups of the result-
ant dendrimer generation, accomplishing amide-connected
multi-azides, and second involves the reduction of azide
to amino structures. The linkage steps have been carried
by straight forward techniques used in the condensation of
carboxylic acids and amines. The reduction steps have been
ideally accomplished by means of synergist hydrogenation
conditions under H, environment on Pd/C in methanol.

Divergent synthesis of G4 dendrimer with an ethyl-
ene diamine (EDA) core has also been reported using the
methodology reported earlier with some modifications
(Fig. 11). The main modification was the use of CH,Cl,/
Et;N solution at 0-23 °C in place of water/NaOH in ami-
dation steps. This change upgraded the yield of the amida-
tion venture at all generation with a significant increment
at G3 from 27 to 59%. The other modification attempted
was the use of 1-hydroxybenzotriazole (HOBt) derived
activated esters in place of acid chlorides.

The same methodologies have also been applied to syn-
thesize five-generation dendrimers with a piperazine (PPZ)

@ Springer

core (Fig. 12). As compared to ethylenediamine (EDA) core
that permitted the blend of just G4, the piperazine (PPZ) also
delivered G5 dendrimer in good yields (44-38%) using the
both strategies.

The convergent synthesis of three generations, and the
divergent synthesis of six generations of aliphatic polyam-
ide dendrons (Fig. 13) have also been reported by the same
group of researchers using the both acid chloride and ben-
zotriazole ester pathways.

Properties of dendrimers

The nature of the terminal groups determined the chemical
reactivity of dendrimers as well as their physical param-
eters such as chemical reactivity, solubility and glass transi-
tion temperature. This is because of the radially increase in
number of terminal groups with the increase in generation
number of the dendrimers in comparison to linear polymers
having only two terminal groups [43, 47-50].

The gradual change in the shapes of dendrimer mol-
ecules from an extended arrangement for lower genera-
tion dendrimers to a globular shape for higher generation
dendrimers may cause the deviation in physical behavior
of dendrimers from those of linear macromolecules. The
solubility of dendrimers is usually increased in connec-
tion to their generation numbers. Nevertheless, the reactiv-
ity and solubility of the dendrimers especially in case of
globular shape molecules by the nature of the peripheral
groups.[43, 47, 51, 52].

The volume of a dendrimer increases cubically while
the molecular weight increases exponentially with upturn
in generation number. This leads to deviation in solution
properties of dendrimer molecules from those of linear
macromolecules especially at higher molecular weights.
The intrinsic viscosity is used to determine the extent of
deviation in case of dendrimers in comparison to that of
linear macromolecules. Usually, dendrimers have low
intrinsic viscosity.[43, 47, 53-55]. Dendrimers have
some interesting characteristics in contrast to classical
polymers:

1) Low poly-dispersity.

2) Precise number of peripheral groups.

3) Nominal cell take-up.

4) The shape and size of dendrimers can be controlled at
certain generation number.

5) Capacity of physical attachment to ligands and drug
molecules is more.

6) Numerous dynamic sites.

7) Tailor made structure.

The number, nature and position of the periph-
eral groups which play a vital role to tailor the unique
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properties of a dendrimer. These properties include unpar-
alleled molecular uniformity, multifunctional surface and
the presence of internal cavities in addition to other spe-
cific properties to be suitable for a variety of high technol-
ogy uses.
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Dendrimer applications

The advances in the chemistry of dendrimer and the bio-
medical application have been carried out by a number
of researchers like Astruc et al. [56], Smith and Dieder-
ich [57], Emrick and Fréchet [16], Frey and Schlenk [58],
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Fig. 8 Aliphatic polyamide and peptide dendrimers (a-l) cited in the literature [33 and references therein]
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Fig.9 Dendritic catalyst with greater reactivity and selectivity for hydroformylation reactions

Hawker [59], Inoue [60], Meijoral and Caminerd [25], More than 60 families of dendrimers, each with unique
Baars and Meijer [61], Moore [62], Berresheim et al. [63],  properties and tailored for different types of application
Newkome [30], Schliiter and Rabe [64], Matthews et al. are described in literature. These applications are por-
[65], Tomalia et al. [35], Vogtle et al. [36]. trayed in Fig. 14.
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Fig. 10 Synthesis of dendrimer via successive acylation-hydrogenation reactions

Dendrimers in biomedical field

In recent era, the use of dendrimers in biomedical field has
gain much curiosity from the researchers. Dendrimers are
charming candidates for biomedical applications because
of their special characteristics including: hyperbranching,
size, shape i.e. globular structures, extending length/thick-
ness, periphery functionalities, consistency, multivalency

and high natural comparability. In particular, the three-
dimensional building of dendrimers can join an arrange-
ment of naturally unique administrators to shape normally
powerful conjugates. These dendrimers and related species
can be easily functionalized and can behave as synthetic
analogous of enzymes, proteins and viruses. Dendrimers
and other molecules can either be connected to the outskirts
or can be exemplified in their inside voids [66]. In modern
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Fig. 11 Divergent synthesis of G4 of aliphatic polyamide dendrimers (PAMAM) with ethylenediamine core [33]

medicines, an assortment of such materials are being used,
for instance, polyamidoamine (PAMAM) dendrimers can be
utilized as potential blood substitutes [67]. The advancement
of specific frameworks with exact sizes and shapes may lead
to remedial applications like drug movement [68], quality
transfection [69], and imaging [70-74].

Dendrimers in drug delivery One of the fundamental con-
cerns of modern medicines is to enhance their pharmacoki-
netic properties especially for malignancy [75]. The drugs
conjugate with polymeric species have been recognized by
extended half-life, high stability, water solubility, reduced
immunogenicity, and antigenicity [76]. The pathophysi-
ological attributes of tumors incorporate broad angiogen-
esis bringing about hypervascularization, aberrant vascular
architecture, enhanced permeability, and restricted lym-
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phatic drainage and consequently cause the particular gath-
ering of macromolecules in tumor tissue. This phenomenon
is known as ‘enhanced permeation and retention’ [77]. The
dendrimer conjugates indicate high solubility, decreased
systemic lethality and particular collection in solid tumors.
The structures and tunable surface functionalities of den-
drimers allow for the encapsulation/complexation/conjuga-
tion of multiple entities, i.e. the drug molecules, and genetic
materials, targeting agents and dyes, either in the core or on
the surface, rendering them ideal carriers for various drugs.

Initial investigations on dendrimers as potential drug
delivery carrier were focused on their use as unimolecu-
lar micelles and ‘dendritic boxes’ for encapsulation of drug
molecules. In initial studies, DNA was complexed with
PAMAM dendrimers for gene delivery applications [78], and
hydrophobic drugs and dye were incorporated into various
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Fig. 12 Divergent synthesis of G5 aliphatic polyamide dendrimers (PAMAM) with piperazine (PPZ) core [33]

dendrimer cores [20, 24, 78-80]. An advantage of using den-
dritic unimolecular micelles is their structure maintenance at
all concentrations due to covalently connected hydrophobic
segments. However, the release of drug molecules from the
dendrimer core is difficult to control. In some cases, harsh
conditions are needed, whereas in others, the encapsulation

is not much effective and the drug molecules are released
relatively rapidly [81, 82].

Another approach to develop dendrimers as drug carriers
is to exploit their multivalency for the covalent attachment of
drug molecules to the dendrimer periphery. The drug load-
ing and releasing can be controlled by varying the dendrimer
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Fig. 13 The convergent synthesis of three generations, and the divergent synthesis of six generations of aliphatic polyamide dendrons [33]

generation number and by incorporating degradable linkages
between the drug and dendrimer. For example, embodiment
of the anticancer medicine cisplatin inside PAMAM den-
drimers gave conjugates that demonstrated more moderate
release, lower lethality, increased water solubility and selec-
tive accumulation in solid tumors as compare to free cispl-
atin [83]. Furthermore, the dendrimer—platinum complex has
been found to show increased efficacy relative to cisplatin in
the treatment of subcutaneous B16F10 melanoma. In such a
way, Malik et al. [8§4] have developed an anticancer prodrug
‘complexed carboxylate-finished PAMAM dendrimer with
cisplatin’ that can release cisplatin particles by hydrolysis.
Malik and Duncan [85] have claimed that the dendritic pol-
ymer palatinate can be administered in required amounts
intravenously, orally, parentally, subcutaneously or topi-
cally to an animal having a malignant tumor. The dendritic
polymer palatinates have been claimed to show high drug
efficiency, high drug carrying capacity, good water solubil-
ity, good stability on storage, reduced toxicity, and improved
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anti-tumor activity in vivo. In a similar fashion, Balogh
et al. [86] have incorporated silver salts inside PAMAM
dendrimers that demonstrated moderate silver release rates
with enhanced antimicrobial activity against Staphylococ-
cus aureus, Pseudomonas aeruginosa and Escherichia coli
microorganisms.

PAMAM dendrimers as carrier have been widely studied
for oral drug delivery [87-99] because of their water solu-
bility, unique branching architecture and compacts spheri-
cal shape in solution [100]. The large number of arms and
peripheral amine groups can be utilized to immobilize drugs,
enzymes, antibodies, or other bioactive agents [101, 102].

Dendrimers also have many applications in trans dermal
drug delivery of bioactive drugs possessing hydrophobic
moieties in their structures and have low water solubilities
[103].

Gene delivery Genetic treatments have a significant role in
our armamentarium. A specific and proficient delivery sys-
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Fig. 14 Applications of den-
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ers are being investigated to be used to introduce genes into
cells without harmful effect on the DNA. Polyamidoamine
(PAMAM) dendrimer-DNA complexes encapsulated in
biodegradable polymer have been investigated for substrate-
interceded gene delivery. Fast-degrading functional polymer
has been claimed to have unbelievable potential for limited
transfection [105, 106].

Dendrimers as magnetic resonance imaging (MRI) contrast
agents Magnetic resonance imaging (MRI) is used to pro-
vide high-quality three-dimensional images of organs and
tissues in the body. The signal intensity in MRI mainly
stems from the relaxation rate of water protons (in vivo)
and can be enhanced by using a contrast agents i.e. gado-
linium chelates, super paramagnetic iron oxide particles
etc., prior to the scan. The important properties of MRI
contrast agents include good biocompatibility, low toxic-
ity, and high relaxivity. The low molecular weight MRI
contrast agents can diffuse rapidly from blood vessels
into the interstitial space and can excrete from the body
very rapidly [107]. Paramagnetic metal chelates such as
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GdII)-N,N',N",N " -tetracarboxymethyl-1,4,7,10-tetraaz
acyclododecane (Gd(III)-DOTA), Gd(III)-diethylenetri-
aminepentaacetic acid (Gd(III)-DTPA) and their deriva-
tives have been reported to be used as contrast agents for
MRI. These metal chelates increased the relaxation rate of
surrounding water protons [108]. Short circulation times
within the body and inefficient discrimination between
normal and diseased tissues were the major problems.
Subsequently, macromolecular Gd(III) complexes were
developed by conjugating Gd(III) chelates to biomedical
polymers, i.e. polysaccharides, proteins, and poly(amino
acids) to improve image quality. These macromolecular
agents demonstrated much better contrast enhancement
for cancer imaging and blood pool imaging in animal
models. Unfortunately, their clinical application faced
limitations due their slow excretion rate and more accu-
mulation within liver which enhances the risk of potential
toxicity by Gd(III) ions released during the metabolic pro-
cesses of these agents [109, 110]. Wiener et al. [111] have
developed a new class of MRI contrast agents, Gd(III)
DTPA-based PAMAM dendrimers, with much more pro-
ton relaxation enhancements and molecular relaxivities.
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The G6 PAMAM dendrimer possessing 192 reactive ter-
minal amines, has been conjugated to 2-(4-isothiocyanato-
benzyl)-6-methyl-(DTPA) through a thiourea linkage.
This dendrimeric contrast agent has been claimed to have
relaxivity up to six times higher than that of free Gd(III)-
DTPA complex. In vivo studies on rabbits have illustrated
the excellent MRI images of blood vessels and long blood
circulation times (> 100 min). Kobayashi et al. [112] have
investigated the relationship between relaxivity and den-
drimer generations using Gd(III)-DTPA-PAMAM con-
trast agents. The study revealed that relaxivity increased
as the dendrimer generation increased, but beyond 7th
generation, the increase was insignificant.

Dendrimers in tissue engineering The tissue engineer-
ing has developed in the last few decades [113-115].
The regeneration of native tissues by supplementing the
natural healing process and the creation of entire organs
for transplantation have been main focus. The first is the
selection of an appropriate scaffold material upon which
cell/tissue can grow [116]. The scaffold may have porous
structure that allow the diffusion of nutrients to and waste
products away from the cells. It must be biodegradable at
such a rate that after regeneration of native extra cellu-
lar matrix (ECM), it eventually replaced altogether. Poly-
meric scaffold compositions can be divided into two main
categories: natural and synthetic. Natural scaffolds have
been constructed from proteins, carbohydrates, or glyco-
proteins [117-124]. The synthetic linear polymers, such
as poly(lactic acid) (PLA), poly(glycolic acid) (PGA),
poly(caprolactone) (PCL), and poly(ethylene glycol)
(PEG) have also been used extensively as scaffold mate-
rials [125, 126]. The dendrimers have also been utilized
either as auxiliaries to an existing scaffold, or as primary
scaffold components in tissue engineering. There are many
examples where dendritic species including PAMAM
dendrimers have been incorporated into scaffolds for the
regeneration of a variety of tissues and cell types [127].
Chan et al. [128] incorporated G1 PAMAM dendrimer
into extracellular matrix (CEM) derived from the perimuscu-
lar subserosal connective tissue of porcine cholecysts devel-
oped in their laboratory [129] in varied feed concentrations
of the dendrimer in CEM using the EDC/NHS cross-linking
system which resulted in covalent binding of PAMAM on
CEM. They observed varied degrees of cross-linking, bet-
ter stability of CEM to enzymatic degradation, increase in
amine functionalities useful for tethering bioactive agents,
upholding of tensile strength with enhanced flexibility of
scaffold, and maintenance of the ability of CEM to support
cells in vitro. On the other hand, Boduch-Lee et al. [130]
have designed and synthesized star polycaprolactone (PCL)-
hydroxyapatite films for use as a biodegradable matrix for
bone tissue engineering. They used a scaffold composed of

@ Springer

PCL chains conjugated to a poly(lysine) dendritic core to
fabricate an HA composite for in vitro bone regeneration.
The cell line MG-63 was used to evaluate the effect of these
scaffolds. They observed that the performance of dendrimer-
PCL HA hybrid was much better than linear PCL both in
bone cell growth and adhesion over 24 h.

Dendrimers in vaccine development Vaccination has been
an influential tool to control infectious diseases produced by
microbial pathogens i.e. bacteria, virus, etc. With the pas-
sage of time, the pathogens become resistant to the existing
vaccines as well as mutations in the pathogens lead to more
harmful varieties. Therefore, there is always a growing need
for new generations of vaccines with optimal qualities to tar-
get these infectious diseases [131]. Dendrimers, due to their
optimum physical characteristics, have ability to act as effi-
cient immune stimulating compounds (adjuvants) that can
enhance the efficacy of vaccines. In addition, dendrimers
can provide well-defined multivalent scaffolds to produce
conjugates with immune stimulators and/or antigens [132].
These conjugates supposed to be superlative exporters of
small antigens upon administration without any side effect.
In this respect, peptide dendrons build up solely from lysine
have gain much interest from the researchers [47, 133]. The
two amino groups (R and €) present in lysine molecule can
act as branching points for logarithmic development. Thus,
two-layer and three-layer dendrons may have four and eight
free amino groups, respectively. Tam coined the term “mul-
tiple antigenic peptide” (MAP) for such a structure.

Wang et al. [134] have examined the vaccine function
of a MAP which was obtained by coupling the V3 loop
(third variable region of envelope glycoprotein gp120 of
HIV) sequence to lysine dendrimer by Tam and his fellows
[21, 135]. Elicitation of relatively high and sustained levels
of HIV-1-specific neutralizing antibodies in animals was
observed. Baigude et al. [136] have reported the synthesis
of first glycopeptide dendrimer-type AIDS vaccine model
consisting of a V3 loop peptide—succinyl-maltose—pro-
line—poly(lysine) dendrimer scaffold. This vaccine model
has been claimed to have enhanced water solubility, low
cell toxicity, and antigenicity of dendrimer itself due to the
presence of sugar moieties [64]. Up till now, several studies
have been performed using dendrimeric species especially
PAMAM dendrimers as adjuvants against various patho-
gens. Enhanced efficacy and reduction in adverse effect on
host demonstrate that dendrimers in conjugation with vac-
cines/antigens can be used successfully [137-143].

Photodynamic therapy (PDT) Photodynamic therapy (PDT)
is a therapeutic method for treating various oncological and
related diseases. First, a photosensitizer (PS) is accumulated
in specific target cells. Then, selective optical irradiation
(visible or near IR) of an appropriate wavelength is used
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to generate highly reactive singlet oxygen species (ROS)
which induce apoptosis and/or necrosis culminating in cel-
lular death. The continuing efforts to improve PDT focus on
strategies to enhance the solubility of the PS, design new PS
molecules, and strategies for higher accumulation of PS in
the targeted tissue. In PDT, PS—dendrimer conjugates have
been tested by three strategies: entrapment of PS in the voids
of a dendrimer [144], covalent linkage between PS and den-
drimer [145], and generation of dendrimer using PS as a
scaffold [146]. The PS—dendrimers have been claimed to
show significant tumor suppression as compared to free PS
in a xenograft animal tumor model. It has been reported that
conjugation of a PS with dendrimers especially PAMAMs,
and targeting agent has enhanced the photodynamic thera-
peutic effects of the PS [147, 148].

Dendritic sensors

A single molecule of a dendrimer contains large number of
terminal functional groups to be useful for covalent asso-
ciation or closeness of a high number of species. Balzani
et al. have studied the fluorescence of a G4 poly(propylene
amine) dendrimer elaborated with thirty two dansyl units at
the periphery [144]. The amine units allow the rational num-
ber of a metal ions to coordinate. It was observed that the
strong fluorescence decreased by the incorporation of Co**
inside the dendrimer. It has been claimed that low concen-
trations of Co** ions (4.6 x 1077 M) can be identified using
dendrimer concentration of 4.6 x 107 M. So the dendrimers
containing fluorescent could be use full as a sensors [145].

Effect of pH change on dendrimers

The effect of pH on different generations of PAMAM den-
drimers has been investigated (Fig. 15). The PAMAM den-
drimers (G;,—-G,) were explored in acidic, neutral, and basic
pH atmospheres. The change in pH effected the shapes of the
dendrimers. The dendrimers usually attained more compact
globular shapes at higher pH with more prominent effect in
the higher generations (G5s—G-) at basic pH [149].

Dendrimers used as catalysts

The role of dendritic polymeric species in catalysis have
been investigated by many research groups. The high sur-
face area and high solubility in reaction media are among
the prominent features of the dendrimers which make them
useful as nanoscale catalysts. Dendrimers have multifunc-
tional surfaces and the catalytic sites are usually exposed.
The bigger dendrimer-based catalysts may have many termi-
nal active sites. These catalysts can be separated efficiently
by filtration [150]. Dendrimers have capacity to encapsulate
a single catalytic site, i.e. metallic or non metallic whose

activities can be enhanced by dendritic superstructure [151].
Insoluble materials, for e.g. metals, can be entrapped in the
dendrimers and can transported into the reaction media.

There are numerous examples of using dendrimers in
organometallics [152, 153] such as ferricenic sandwich [154,
155] with remarkable redox catalysis properties. Since 1994,
a lot of work has been developed in the area of catalysis by
entrapping the catalyst in the periphery, the scaffolding, or
on the core of dendrimers [14, 48, 156—173]. The main goal
always remain to find the ideal catalyst with high catalytic
efficiency, selectivity for whatever reaction, versatile (sub-
strate, metal, conditions), easily recoverable/recyclable and
longevity (durable and stable). The use of PAMAM den-
drimeric species always remain a point of interest by the
researchers in catalysis. One example is the use of PAMAM
dendrons based on silica-coated magnetic nanoparticles for
hydroformylation reaction with very high reactivity and
selectivity [45].

Dendrimers used as light harvesting material

The designing of molecules with controlled motion of
charges is always remain the main focus for the development
of light harvesting materials. The multiple functionality and
structural features including in the functional groups moving
from the periphery to the core render dendrimers to be used
in light harvesting (Fig. 16). Most of the studies validate the
energy funneling from the chromophore at the periphery to
a chromophore at the core [174]. A o-conjugated dendrim-
eric family based on truxene and thienylethylene has been
asserted to exhibit intrinsic energy gradient from periphery
to the core. A broad absorption in the UV-Vis range and
a proficient energy transfer to the lower energy centre has
also been claimed. Such type of dendrimeric conjugates
may have remarkable potential as light harvesting materi-
als [175].

Dendrimers used as paints, additives and printing inks

Dendrimers are being used in toners composition as addi-
tives. Xerox Corporation has incorporated dendrimeric addi-
tives in the form of charge enhancing species [176]. Dendri-
meric additives ensure uniform adhesion of ink to both polar
and non-polar foils. The multifunctionality of a dendrimer
facilitate the fixation of pigment constituents and exterior
of the foils (Fig. 17). Dendritic polymers are being used as
a part of polyurethane paints which offer superficial hard-
ness, light swiftness and weathering resistance in addition
to polish. These characteristics have encourage their use in
furniture and car ventures. Use of dendrimeric auxiliaries
may alter the peripheral portrayal of thermoplastic resin with
synergic effects on stiffness, strength, process ability and
high softening temperature.
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Fig. 15 PAMAM dendrimers
generations (G;-G5) at low,
neutral, and high pH
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G

w
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Dendrimers used as a separating agent

The dendrimeric species have also been investigated as sepa-
rating agents. The ease to form micelle structure provide

@ Springer

Neutral pH High pH

high functional density at the surface, high surface area
and ease of separation for isolation and regeneration of the
compound. It has been reported that unmodified commercial
dendrimers containing amine and hydroxyl functionalities
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A

Fig. 17 Dendrimers used as printing inks, additive, and paints

are generally more effective for boron absorption and could
be used for the removal boron like species from sea water.
Certain polyamidoamine (PAMAM) dendrimers have been
reported to be used as chelating agents for the removal of
certain metal ions from waste water and as well as from
contaminated soil [177, 178]. Some other modified chelating
PAMAM and poly(propylene imine) dendrimer have also
been claimed to be functional for the removal of hard metal
cations [179, 180], polycyclic aromatic hydrocarbons [181]
and other particles [182].

Dendrimers in electronic devices

The good solubility and easiness to prepare a homogeneous
film are absolutely necessary for a material to be used in
organic electronic devices (e.g., integrated circuits, FETs,
thin-film transistors, solar cells, field quenching devices,
light-emitting transistors, light-emitting electrochemical
cells, optical detectors, organic photoreceptors, organic laser
diodes, and organic electroluminescent devices). Dendrim-
ers incorporating a specify component can serve as hole-
injecting, hole-transporting, electron transporting, or hole-
blocking materials [183, 184]. Majoral’s group has designed

dedrimers incorporated with fluorophores at the periphery
which can absorb two photons and can be utilized as fluores-
cent markers for biomedical applications [185].

Dendrimers for remediation of environmental problems

Dendrimers architecture i.e. high density of functionalities
at periphery and interior voids is suitable for entrapping
small gas molecules and low molecular weight organic com-
pounds as well as metal cations. This property enables the
dendrimers to be used in the field of environmental remedia-
tion environmental [186-189]. PAMAM dendrimers with
amine, carboxyl, and hydroxyl terminal groups have been
used to remove the toxic metal ions from waste water and
contaminated soil [177-180]. Some ultrafiltration mem-
branes supported with dendrimeric architecture have also
been designed with potential application in soft water.

Conclusion

In this review, we emphasized on some key aspect of
dendrimers such as synthesis, characterization and their
applications.
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