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Preface

Dendrimers are a new class of synthetic polymers based on a well-defined cascade
motif. These macromolecules may be synthesised to reach the size of nanoobjects
having dimensions similar to proteins. Dendrimers allow a highly multivalent pres-
entation of a given molecular motif in a highly defined fashion. 

This book concerns the use of this new class of macromolecules in the interdisci-
plinary field between synthetic organic chemistry, biology, medicine and biotech-
nology. Dendrimers have initially been applied extensively and studied thoroughly
in polymer and material science, but the use of dendrimers as biologically useful
compounds, for example in drug delivery or drug construction, is a new research
field still in its infancy. 

For these new applications of dendrimers, new and important questions need to be
answered; how do subtle changes in the molecular motif affect the biological behav-
iour of a dendrimeric compound comprising multiple copies of that motif? What is
the reason some dendrimers are toxic whereas others are not, although their molec-
ular motif is similar?

The ability to construct dendrimers in a highly defined way opens up for the syn-
thetic fine-tuning of molecules fulfilling the desired delicate balance between dif-
ferent biological properties. Furthermore, the ability to construct definite dendrimer
architectures opens up for the thorough understanding of the exact nature of inter-
actions taking place between biological entities and a fully synthetic macromolecule.

The present book gives a short and “popular” introduction (Chapter 1) to the den-
drimer field, introducing various types of dendrimers, and some general approaches
in dendrimer synthesis e.g. the divergent and convergent strategy, together with def-
initions of some common terms (dendrimer generation, shell, etc.) applied in this
field. Importantly, our definition of dendrimer generations is in accordance with the
generation definition initially applied for poly (propylene imine) dendrimers,
although the generation numbering of the structurally similar polyamidoamine den-
drimers seems to follow another trend. This implies that the generation numbering
of the cited literature will follow the definition put out in the book and not in the
associated papers. Furthermore, the introducing chapter treats some basic principles
in the physicochemical behaviour of some of the common dendrimer classes.

The second chapter covers the interactions between dendrimers and biological sys-
tems both in vitro and in vivo. Important molecular factors affecting the toxicity and
biopermeability of these compounds in vitro and in vivo are described, together with
their ability to be transported across membranes (e.g. transfection) and tissue barriers
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(epithelia/endothelia crossing). Biopermeability properties are of crucial importance
for the pharmaco-chemical fate of a dendrimer-based drug or drug vehicle. 

The subsequent chapters look into the use of dendrimers as drug-delivery devices
and drugs. Chapter 3 deals with the development and chemical design of drug trans-
port and delivery vehicles such as host–guest complexes, covalently dendrimer
attached drugs (e.g. dendrimer prodrugs), self-immolative dendrimer drug systems
and targeted drug delivery based on dendrimers.

Chapter 4 concerns the application of dendrimers as drugs and therapeutics in the
treatment of antiviral or antibacterial infections as well as for antitumour and anti-
cancer therapy. In addition this chapter goes into the interactions between dendrimers
and the immune system, i.e. the use of dendrimers as scaffolds in vaccines and/or the
use dendrimers as immune-stimulating or immune-suppressing compounds. Just
recently dendrimers have been applied in the destabilisation of misfolded prion aggre-
gates responsible for prion-associated diseases e.g. Alzheimer’s, Diabetes or Mad
Cow Disease. These aggregate destabilising dendrimers may constitute an important
class of compounds in prion therapeutics and diagnostics.

The final chapter describes the use of dendrimers as mimics for naturally occur-
ring macromolecules or even larger objects, for example, microbial or cellular sur-
faces, taking advantage of the fact that dendrimers can be synthesised into nanosized
structures. As the mode of action of e.g. dendrimer antibacterial and antiviral drugs
relies on their ability to mimic cellular surfaces of the infected host, there is conse-
quently some “overlap” with Chapter 4 however, in order not to tire the reader, this
overlap is kept to a minimum.

Although the main topic of this book concerns dendrimers, the book may apply
for polymers having physicochemical properties similar to dendrimers (e.g. the
larger class of hyperbranched polymers). 

Finally, Dr. Ian Law and Kasper Moth-Poulsen are gratefully acknowledged for
the proofreading of part of this manuscript.

Good luck!

U. Boas
J.B. Christensen
P.M.H. Heegaard
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CHAPTER 1

Dendrimers: Design, Synthesis
and Chemical Properties

1.1 Introduction
The dendritic structure is a widespread motif in nature often utilised where a partic-
ular function needs to be exposed or enhanced. Above ground, trees use dendritic
motifs to enhance the exposure of their leaves to the sunlight, which is crucial to
maintain life and growth via the photosynthesis. The shade of the tree crown creates
a microenvironment maintaining higher humidity and more stable temperatures
throughout the day compared to the surroundings. Also beneath ground, the trees
have a maximum need to expose a large functional surface when collecting water
from the soil. A large dendritic network of roots provides an excellent motif for that
purpose (Figure 1.1). 

In the “design” of animals and humans, evolution often ends up creating dendritic
solutions to enhance particular properties. When breathing air into our lungs the air

Figure 1.1
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passes through a tremendous dendritic network of bronchioles and alveoli in order
to give maximum surface for the transfer of oxygen into the bloodstream. Also the
arterial network transporting the oxidised blood to the different organs progress into
dendritic patterns, before the blood is transported back to the heart via the venous
system.1 The central nervous system and the brain consist of a large amount of cells
growing into dendritic structures in order to gain the largest exchange of material
(and information) with the surrounding tissue. Microglia cells serving as multifunc-
tional helper cells in the brain, form dendritic strucures when activated during patho-
logical or degenerative states in the brain (Figure 1.2). Also here the dendritic
structure ensures maximum delivery of secreted anti-inflammatory interleukins to
the diseased brain tissue.

Another striking example of dendritic structures in nature discovered just recently,
is the tremendous number of foot-hairs on the Gecko’s feet. These foot-hairs “setae”
split up into an impressive dendritic network of tiny foot hairs “spatulae”, enabling
the Gecko to “stick” to surfaces through dry adhesion without the need of humidity
to create surface tension. Examinations of the Gecko’s foot-hairs have revealed that
the structures of the millions of end foot-hairs are so microscopic that the adhesion
between the surface and the gecko foot is thought to be achieved by weak attractive
quantum chemical forces from molecules in each foot-hair interacting with mole-
cules of the surface, the so-called Van der Waal forces.2 By applying a dendritic pat-
tern, the enhancement of a certain function can sometimes greatly exceed the sum of
single entities carried on the surface, because of the synergy gained by a dendritic
presentation of a function. So nature has, indeed, applied dendritic structures
throughout evolution with great success.

In synthetic organic chemistry the creation and design of dendritic compounds is
a relatively new field. The first successful attempt to create and design dendritic
structures by organic synthesis was carried out by Vögtle and co-workers3 in 1978.
These relatively small molecules were initially named “cascade molecules” and
already then Vögtle and co-workers saw the perspectives in using these polymers as,
e.g. molecular containers for smaller molecules. However, after this first report, sev-
eral years passed before the field was taken up by Tomalia’s group at Dow
Chemicals. They had during the years developed a new class of amide containing
cascade polymers, which brought these hitherto quite small molecular motifs into
well-defined macromolecular dendritic structures. Tomalia and co-workers4,5 bap-
tised this new class of macromolecules “dendrimers” built up from two Greek words
“dendros” meaning “tree” or “branch” and “meros” meaning “part” in Greek. Later

Brain inflammation

"Resting" Microglia cell "Reactive" Microglia cell

Figure 1.2 Activation of a Microglia cell during a pathological state in the brain



refinement and development of synthetic tools enabled the scientists also to synthe-
sise macromolecular structures relying on the original “Vögtle cascade motif”.6,7

Parallel to polymer chemists taking this new class of compounds into use, den-
dritic structures also started to emerge in the “biosphere”, where J. P. Tam in 1988
developed intriguing dendritic structures based on branched natural amino acid
monomers thereby creating macromolecular dendritic peptide structures commonly
referred to as “Multiple Antigen Peptide”. The Multiple Antigen Peptide is, as we
shall see later, a special type of dendrimer.8

Dendrimers are also sometimes denoted as “arboroles”, “arborescent polymers”
or more broadly “hyperbranched polymers”, although dendrimers having a well-
defined finite molecular structure, should be considered a sub-group of hyper-
branched polymers. After the initial reports the papers published on the synthesis,
design and uses of dendrimers in chemistry as well as in biological field has had an
exponential increase in numbers.9–14

1.2 Terms and Nomenclature in Dendrimer
Chemistry

Dendrimer chemistry, as other specialised research fields, has its own terms and
abbreviations. Furthermore, a more brief structural nomenclature is applied to
describe the different chemical events taking place at the dendrimer surface. In the
following section a number of terms and abbreviations common in dendrimer chem-
istry will be explained, and a brief structural nomenclature will be introduced. 

Hyperbranched polymers is a term describing a major class of polymers mostly
achieved by incoherent polymerisation of ABn (n≥2) monomers, often utilising one-pot
reactions. Dendrimers having a well-defined finite structure belongs to a special case
of hyperbranched polymers (see Figure 1.3). To enhance the availability of dendritic
structures, hyperbranched polymers are for some purposes used as dendrimer “mim-
ics”, because of their more facile synthesis. However, being polydisperse, these types

Dendrimers: Design, Synthesis and Chemical Properties 3
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Figure 1.3 Evolution of polymers towards dendritic structures



of polymers are not suitable to study chemical phenomena, which generally require a
well-defined chemical motif enabling the scientist to analyse the chemical events tak-
ing place. The physicochemical properties of the undefined hyperbranched polymers
are intermediate between dendrimers and linear polymers.15

Dendrigrafts are class of dendritic polymers like dendrimers that can be con-
structed with a well-defined molecular structure, i.e. being monodisperse. However,
in contrast to dendrimers, dendrigrafts are centred around a linear polymer chain, to
which branches consisting of copolymer chains are attached. These copolymer
chains are further modified with other copolymer chains and so on, giving a hyper-
branched motif built up by a finite number of combined polymers.16 Whereas the
dendrimer resembles a tree in structure, the core part of a dendrigraft to some extent
resembles the structure of a palm-tree.

Dendrons is the term used about a dendritic wedge without a core, the dendrimer
can be prepared from assembling two or more dendrons. As we shall see later, den-
drons are very useful tools in the synthesis of dendrimers by the segment coupling
strategy (convergent synthesis). A class of dendrons, which is commercially avail-
able and has been applied with great success in the covalent and non-covalent assem-
bly of dendrimers, are the “Fréchet-type dendrons”.17–19 These are dendritic wedges
built up by hyperbranched polybenzylether structure, like the Fréchet-type den-
drimers.17–19 These dendrons have been used in the creation of numerous of den-
drimers having different structures and functions.

Generation is common for all dendrimer designs and the hyperbranching when
going from the centre of the dendrimer towards the periphery, resulting in homo-
structural layers between the focal points (branching points). The number of focal
points when going from the core towards the dendrimer surface is the generation
number (Figure 1.4). That is a dendrimer having five focal points when going from
the centre to the periphery is denoted as the 5th generation dendrimer. Here, we
abbreviate this term to simply a G5-dendrimer, e.g. a 5th generation polypropylene
imine and a polyamidoamine dendrimer is abbreviated to a “G5-PPI-“ and “G5-
PAMAM” dendrimer, respectively. The core part of the dendrimer is sometimes
denoted generation “zero”, or in the terminology presented here “G0”. The core
structure thus presents no focal points, as hydrogen substituents are not considered
focal points. Thus, in PPI dendrimers, 1,4-diaminobutane represents the G0 core-
structure and in PAMAM Starburst dendrimers ammonia represents the G0 core-
structure. Intermediates during the dendrimer synthesis are sometimes denoted
half-generations, a well-known example is the carboxylic acid-terminated PAMAM
dendrimers which, as we shall see later, sometimes have properties preferable to the
amino-terminated dendrimers when applied to biological systems.

Shell: The dendrimer shell is the homo-structural spatial segment between the
focal points, the “generation space”. The “outer shell” is the space between the last
outer branching point and the surface. The “inner shells” are generally referred to as
the dendrimer interior.

Pincer: In dendrimers, the outer shell consists of a varying number of pincers cre-
ated by the last focal point before reaching the dendrimer surface. In PPI and
PAMAM dendrimers the number of pincers is half the number of surface groups
(because in these dendrimers the chain divides into two chains in each focal point). 

4 Chapter 1
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End-group is also generally referred to as the “terminal group” or the “surface
group” of the dendrimer. The word surface group is slightly more inaccurate, in the
sense that the dendrimer branches can sometimes fold into the interior of the dendrimer.
Dendrimers having amine end-groups are termed “amino-terminated dendrimers”.

MAP-dendrimers stand for “Multiple Antigen Peptide”, and is a dendron-like
molecular construct based upon a polylysine skeleton. Lysine with its alkylamino
side-chain serves as a good monomer for the introduction of numerous of branching
points. This type of dendrimer was introduced by J. P. Tam in 1988,8 has predomi-
nantly found its use in biological applications, e.g. vaccine and diagnostic research.
MAP was in its original design a “tree shaped” dendron without a core. However,
whole dendrimers have been synthesised based upon this motif either by segmental
coupling in solution using dendrons or stepwise by solid-phase synthesis.20

PPI-dendrimers stand for “Poly (Propylene Imine)” describing the propyl amine
spacer moieties in the oldest known dendrimer type developed initially by Vögtle.3

These dendrimers are generally poly-alkylamines having primary amines as end-
groups, the dendrimer interior consists of numerous of tertiary tris-propylene
amines. PPI dendrimers are commercially available up to G5, and has found wide-
spread applications in material science as well as in biology. As an alternative name
to PPI, POPAM is sometimes used to describe this class of dendrimers. POPAM
stands for POly (Propylene AMine) which closely resembles the PPI abbreviation.
In addition, these dendrimers are also sometimes denoted “DAB-dendrimers” where
DAB refers to the core structure which is usually based on DiAminoButane.

PEI-dendrimers is a less common sub-class of PPI dendrimers based on Poly
(Ethylene Imine) dendritic branches. The core structure in these dendrimers are
diamino ethane or diamino propane.

PAMAM-dendrimers stand for PolyAMido-AMine, and refers to one of the origi-
nal dendrimer types built up by polyamide branches with tertiary amines as focal
points. After the initial report by Tomalia and co-workers4,5 in the mid-1980s
PAMAM dendrimers have, as the PPI dendrimers, found wide use in science.
PAMAM dendrimers are commercially available, usually as methanol solutions. The
PAMAM dendrimers can be obtained having terminal or surface amino groups (full
generations) or carboxylic acid groups (half-generations). PAMAM dendrimers are
commercially available up to generation 10.17

Starburst dendrimers is applied as a trademark name for a sub-class of PAMAM
dendrimers based on a tris-aminoethylene-imine core. The name refers to the star-
like pattern observed when looking at the structure of the high-generation den-
drimers of this type in two-dimensions. These dendrimers are usually known under
the abbreviation PAMAM (Starburst) or just Starburst.

Fréchet-type dendrimers is a more recent type of dendrimer developed by Hawker
and Fréchet17–19 based on a poly-benzylether hyperbranched skeleton. This type of
dendrimer can be symmetric or built up asymmetrically consisting of 2 or 3 parts of
segmental elements (dendrons) with, e.g. different generation or surface motif.
These dendrimers usually have carboxylic acid groups as surface groups, serving as
a good anchoring point for further surface functionalisation, and as polar surface
groups to increase the solubility of this hydrophobic dendrimer type in polar solvents
or aqueous media.
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“Black ball” nomenclature: Because of the large molecular structure of a den-
drimer, the full picture of, e.g. reactions taking place on the dendrimer surface or in
the outer shell can be difficult to depict. A way to facilitate the depiction of these
macromolecules is by showing the inner (and unmodified) part of the dendrimer as
a “black ball”. Depending on whether the reaction takes place at the surface groups
or in the outer shell, the appropriate part of the molecular motif, e.g. the outer pin-
cers, may be fully drawn out to give a concise picture of a reaction involving the
outer shell (see Figure 1.5). In this way the picture of reactions taking place at the
dendrimer surface or in the outer shell is greatly simplified.

1.3 Dendrimer Design
After the initial reports and development of these unique well-defined structures,
chemists have begun to develop an excessive number of different designs of den-
drimers for a wide variety of applications. Newkome and co-workers22 developed the
unimolecular micelle consisting of an almost pure hydrocarbon scaffold, Majoral
and Caminade introduced the multivalent phosphorus to create intriguing new den-
drimeric designs and dendrimers having new properties. Other third period elements
like silicon and sulfur have been implemented in the dendritic structures resulting in
dendrimers having properties quite different from the classical PAMAM and PPI
designs.23 The monomers applied in the build-up of a dendrimer are generally based
on pure synthetic monomers having alkyl or aromatic moieties, but biological rele-
vant molecules like carbohydrates,24 amino acids20 and nucleotides25–27 have been
applied as monomers as well (Figure 1.6).

Using biological relevant monomers as building blocks presents an intriguing
opportunity to incorporate biological recognition properties into the dendrimer.20,24
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As we shall see, also metal ions 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.28

1.4 Dendrimer Synthesis
Divergent dendrimer synthesis: In the early years of dendrimers, the synthetic
approach to synthesise the two major dendrimer designs, the PPI and PAMAM,
relied on a stepwise “divergent” strategy. In the divergent approach, the construction
of the dendrimer takes place in a stepwise manner starting from the core and build-
ing up the molecule towards the periphery using two basic operations (1) coupling
of the monomer and (2) deprotection or transformation of the monomer end-group
to create a new reactive surface functionality and then coupling of a new monomer
etc., in a manner, somewhat similar to that known from solid-phase synthesis of pep-
tides or oligonucleotides.
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Figure 1.6 Different dendrimer designs. Top: G3-Fréchet-type dendrimer. Bottom from the
right: MAP dendron, glycodendrimer and a silicon-based dendrimer



For the poly (propyleneimine) dendrimers, which are based on a skeleton of poly
alkylamines, where each nitrogen atom serves as a branching point, the synthetic
basic operations consist of repeated double alkylation of the amines with acryloni-
trile by “Michael addition” results in a branched alkyl chain structure. Subsequent
reduction yields a new set of primary amines, which may then be double alkylated
to provide further branching etc. (Figure 1.7)7

PAMAM dendrimers being based on a dendritic mixed structure of tertiary alky-
lamines as branching points and secondary amides as chain extension points was
synthesised by Michael alkylation of the amine with acrylic acid methyl ester to
yield a tertiary amine as the branching point followed by aminolysis of the resulting
methyl ester by ethylene diamine.

The divergent synthesis was initially applied extensively in the synthesis of PPI
and PAMAM dendrimers, but has also found wide use in the synthesis of dendrimers
having other structural designs, e.g. dendrimers containing third period heteroatoms
such as silicium and phosphorous.23 Divergent synthesis of dendrimers consisting of
nucleotide building blocks has been reported by Hudson and co-workers.25 The
divergent stepwise approach in the synthesis of nucleotide dendrimers and dendrons
is interesting from a biochemical perspective as it may mimic the synthesis of natu-
rally occuring lariat and forked introns in microbiology.25

To discriminate between the divergent build-up of a linear molecule, e.g. a pep-
tide/protein in a stepwise manner, and the proliferating build-up of a dendrimer also
by a divergent methodology, Tomalia and co-workers have applied the term
“Amplified Geneologically Directed Synthesis” or A-GDS to describe divergent
dendritic synthesis, as an opposite to a “Linear Geneologically Directed Synthesis”
(L-GDS) performed in, e.g. Merrifield solid-phase peptide synthesis (Figure 1.8).29

There are two major problems when dealing with divergent synthesis of den-
drimers, (1) the number of reaction points increases rapidly throughout the synthesis
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of the dendrimer, starting with 2 points in a G0-PPI dendrimer and ending up with 64
for G5-PPI dendrimer. This rapid increase in number of end-groups to be function-
alised, combined with the following rapid increase in molecular weight resulting in
slower reaction kinetics, makes the synthesis of the dendritic network to create higher
generation dendrimers increasingly difficult, even when using high yielding reac-
tions. Therefore the divergent approach may lead to increasing deletions throughout
the growth of the dendrimer, resulting in numerous of defects in the higher genera-
tion dendrimer product. The synthesis of PPI dendrimers has to some extent been
hampered by the creation of defects throughout the synthesis of higher generation
dendrimers where it has been shown that the content of molecular perfect G5-PPI
dendrimer in the product is only approximately 30%.10 In the case of PPI dendrimers,
the divergent approach is applied with most success in the synthesis of lower gener-
ation dendrimers (that is dendrimers upto G3). In case of the PPI dendrimers defects
may also emerge in the final high generation product after synthesis, as a result of the
PPI-structure being based on short spacer monomers. This creates an increasing mol-
ecularly crowded structure throughout the generations, leading to the loss of den-
drimer branches and wedges because of increased susceptibility to, e.g. β-elimination
reactions. Secondly, when performing divergent synthesis it is hard to separate the
desired product from reactants or “deletion products”, because of the great molecular
similarity between these by-products and the desired product. Despite these draw-
backs being observed predominantly in the synthesis of high generation PPI den-
drimers, the divergent approach has been applied in the synthesis a large variety of
different dendrimer designs with great success.

Generally the divergent approach leads to the synthesis of highly symmetric den-
drimer molecules, however, recently scientists have taken up the possibility to cre-
ate heterogeneously functionalised dendrimers by the divergent approach, leading to
dendrimers having several types of functionalities bound to the surface.30,31 This
field is an exiting opportunity to use conventional dendrimers as scaffolds for dif-
ferent molecular functions.
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Divergent dendrimer synthesis by self-assembly: Using biological building blocks
gives a high degree of recognition, which can be used for highly specific self-assembly
of the building blocks. Nilsen and co-workers27 have used oligonucleotide building
blocks in divergent self-assembly of dendrimers, followed by cross-binding to sta-
bilise the self-assembled dendrimer construct. Although constituting an interesting
example of a divergent segment-based synthesis, this method is quite complex due
to the complex structure of the each building block. The building blocks consist of
two annealed oligonucleotides annealing together at the mid-section, thus dividing
out into four arms, which then each can be modified with monomers having com-
plementary motifs on their arms and so on (Figure 1.9). The surface monomers may
be modified with, e.g. a labelling group also by oligonucleotide annealing. Although
this synthetic method does not result in perfect dendrimers, it still provides an
intriguing alternative to divergent dendrimer synthesis relying on more traditional
low-molecular monomers. This dendrimer design has been applied as scaffolds for
biomolecules in diagnostics (see Chapter 5).

Convergent dendrimer synthesis: Segment coupling strategies began to be applied in
peptide synthesis to circumvent the increasingly low reactivity experienced in stepwise
divergent synthesis of large oligopeptides on solid-phase. With this new approach, pep-
tide synthesis was taken a step further towards pure chemical synthesis of high molec-
ular weight polypeptides and proteins (for a survey on convergent peptide/protein
systhesis, see Ref. 32). This segmental coupling or convergent strategy also found its
way into the creation of dendritic macromolecules, first implemented by Hawker and
Fréchet17–19 in their synthesis of poly-benzylether containing dendrimers which gave
highly monodisperse dendrimer structures. A powerful alternative to the divergent
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approach had been introduced and this new tool was promptly taken up among other
synthetic chemists working in the dendrimer field.

In contrast to the divergent method, the convergent method construct a den-
drimer so to speak from the surface and inwards towards the core, by mostly “one
to one” coupling of monomers thereby creating dendritic segments, dendrons, of
increasing size as the synthesis progress. In this way the number of reactive sites
during the proliferation process remains minimal leading to faster reaction rates
and yields. Another advantage of this methodology is the large “molecular differ-
ence” between the reactant molecule and the product, facilitating the separation of
the reactants from the product during the purification process. The final part of the
convergent synthesis ends up at the core, where two or more dendritic segments
(dendrons) are joined together, creating the dendrimer, the convergent strategy
thus generally has an inverse propagation compared to the divergent strategy
(Figure 1.10).

In addition, the convergent strategy is an obvious tool in the synthesis of asym-
metric dendrimers, or dendrimers having mixed structural elements, where instead
of coupling two equal segments in the final segment coupling reaction(s), different
segments are coupled together to create dendrimers with heterogeneous morpholo-
gies.33 This relatively easy approach to create heterogeneous dendrimers opens up to
intriguing fields of incorporating several “active sites” in one dendrimer to create
multifunctional macromolecular structures.

After its advent, the convergent strategy has also been used for the synthesis of
a great variety of dendrimers having different core functionalities, where the core
is introduced in the final step and modified with dendrons to create the complete
dendrimer. This methodology facilitates the synthesis of dendrimers with different
core functions, e.g. for fluorescence labelling or for the creation of artificial
enzymes.

Convergent dendrimer synthesis by self-assembly: Much effort has been given to
build up dendrimers in a non-covalent manner by convergent self-assembly of den-
drons. The dendrons may contain functionalities capable of hydrogen bonding or
metal complex bonding etc., creating well-defined complexes having dendrimeric
structures. The area was initially explored by Zimmerman’s group34 who built up
dendrimers through self-assembly of dendrons capable of hydrogen bonding.
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When utilising hydrogen bonding as the “glue” to bind the dendrimer together, the
general requirement is that the hydrogen bonding units chosen form complexes
which are stable enough to be isolated. When designing these self-assembled prod-
ucts for biological applications as, e.g. drug delivery, or self-assembled drugs the
hydrogen bonding keeping the segments together should be stable under highly polar
physiological conditions, i.e. buffered aqueous media containing a high concentra-
tion of ions.

In the earliest attempts of non-covalent synthesis of dendrimers, Zimmerman’s
group34 applied Fréchet dendrons containing bis-isophtalic acid, which in chloroform
spontaneously formed hexameric aggregates through carboxylic acid–carboxylic
acid hydrogen bonding. These hexameric aggregates were stable in apolar solvent
like chloroform, but dissociated in more polar solvents like tetrahydrofuran and
dimethyl sulfoxid, in which NMR only showed the existence of the corresponding
monomers.

Another early report on the synthesis of dendrimers utilising self-assembly of
hydrogen bonding dendrons was launched by Fréchet’s group35 who applied den-
drons with complementary melamine and cyanuric acid functionalities for hydrogen
bonding. These dendrons formed hexameric aggregates in apolar solvents, but as the
“Zimmerman dendrons” these assemblies dissociated upon exposure to polar sol-
vents. In order to increase the stability of self-assembled dendrimers in polar sol-
vents, Zimmerman and his group36 utilised the ureidodeazapterin moieties capable
of forming exceptional strong hydrogen bonds, Frechet-type dendrons bound to this
group via a spacer hydrogen bonded together and gave dimeric up to hexameric
aggregates which had high stability both in apolar solvents like chloroform and in
water.

An alternative to the development and design of synthetic molecular motifs
capable of molecular recognition is the use of nature’s own molecular motifs for
highly specific molecular recognition. Single strand DNA (ss-DNA) forming sta-
ble complexes upon annealing with a complementary single DNA strands to form
a DNA duplex has been applied as recognition motifs and bound to dendritic
wedges. In this way two “complementary” dendrons each carrying one DNA-
strand could be coupled together with high specificity forming a bi-dendronic
dendrimer.37

A similar idea has been applied in the synthesis of supramolecular drugs for
tumour targeting based on a “bi-dendrimer” by duplex formation of two differently
functionalised dendrimers each containing a complementary oligonucleotide
sequence (Figure 1.11)38

Metal ions with their Lewis acid properties may serve as good acceptors for
appropriate electron pair donors attached to the dendrons, thus using the metal ion
as the core for assembly of dendronic ligands. Dendrimers assembled around a
lanthanide metal (e.g. Europium) have been created by Kawa and Fréchet.39 The
metal being in the core of the dendrimer experiences a microenvironment kept
away from interacting with the surroundings, resulting in enhanced photoluminis-
cense. The site isolation retards energy transfer processes with the surroundings as
well as the formation of metal clusters, which leads to the quenching observed in
small ligand complexes (e.g. triacetates) of these elements.39 Narayanan and
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Wiener40 assembled dendrons around a Co3+ ion by formation of an octahedral
complex where the metal was surrounded by three bidentate dendrons spreading
out into six dendrimer branches. Cobalt is an extremely interesting element
because of the large difference in properties when going from Co2+ generally
forming quite unstable complexes with mostly tetrahedral symmetry compared to
Co3+ which forms stable octahedral complexes. The use of transition metals as
templates for dendrimer assembly presents the possibility to oxidise or reduce the
metal centre, which may result in a new conformation or altered stability of the
assembly, thereby creating a material responsive to oxidation or reduction from
the surroundings.

An exciting aspect when applying weak binding forces compared to traditional
covalent assembly, is the observation that even small molecular changes (or defects)
in the respective monomers may have a strong effect on the ability for the final non-
covalent dendrimer product to form.41 In that sense this methodology closely resem-
bles “natures way” of building up macromolecular structures, where even small
“mutations” in, e.g. the amino acid side-chain motifs may lead to catastrophic con-
sequences on the three-dimensional shape of the final protein and disable a particu-
lar biological function of that protein. The field of creating macroscopic dendrimeric
nano-objects by self-assembly is a very important research area in order to get a
closer understanding of the factors governing self-assembly processes, e.g. the
molecular information concerning the shape of the final supramolecular product
carried by the respective monomers. Furthermore, a deeper knowledge opens up to
create molecular structures, which can change morphology and function upon
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different stimuli. The non-covalent methodology is a very important approach for the
creation of, e.g. functional biomaterials, capable of responding to the complex
processes found in biological systems.

Self-assembly has been combined with conventional covalent synthesis of den-
drimers by Shinkai and co-workers,42 who used self-assembly of the dendrimers as
templates for subsequent consolidation of the product by cross-linking the den-
drimer together. In organic chemistry, the self-assembly processes leading to the
right supramolecular product is at present time a relatively straightforward process
due to the relatively simple supramolecular patterns and highly ordered structures of
the building blocks. In nature, however, the self-assembly/consolidation process is a
highly complicated matter, e.g. in the refolding of proteins from a denaturated state.
Going from a highly disordered denaturated state to a highly ordered native state is
a highly unfavourable process with respect to entropy (Figure 1.12).

In order to fold or refold the protein sequences into three-dimensional protein
structures the unfolded or partially unfolded protein is taken up by a class of proteins
called “Chaperones”. Chaperones are cytoplasmic proteins that serve as templates in
the folding process to give the final, and biological functional protein, and in pre-
venting aggregate formation due to intermolecular hydrophobic interactions. The
chaperones are also denoted “Heat Shock Proteins” because of their ability to pre-
vent denaturation of proteins, which otherwise would be lethal, when our organisms
are subjected to fever during illness.43
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1.5 Physicochemical Properties of Dendrimers
As the dendrimer grows, the different compartments of the dendritic structure begin
to show distinct features which are amplified with increasing generation. The den-
drimer structure may be divided into three parts:

● A multivalent surface, with a high number of functionalities. Dependent on the
dendrimer generation, the surface may act as a borderline shielding off the den-
drimer interior from the surroundings. This increasingly “closed” surface structure
may result in reduced diffusion of solvent molecules into the dendrimer interior.

● The outer shell, which have a well-defined microenvironment, to some extent
shielded from the surroundings by the dendrimer surface. The very high num-
ber of functionalities located on the surface and the outer shell are well-suited
for host–guest interactions and catalysis where the close proximity of the fun-
ctional motifs is important.

● The core, which as the dendrimer generation increases, gets increasingly
shielded off from the surroundings by the dendritic wedges. The interior of the
dendrimer creates a microenvironment which may have very different proper-
ties compared to the surroundings. For example as decribed elsewhere, water-
soluble dendrimers with an apolar interior have been constructed to carry
hydrophobic drugs in the bloodstream.44

The three parts of the dendrimer can specifically be tailored towards a desired
molecular property or function of the dendrimer such as drug delivery, molecular
sensors, enzyme mimics, etc.

When looking at the molecular size and properties of dendrimers, one soon
observes that the molecular dimension of a higher generations dendrimer is compa-
rable to medium-sized proteins (Table 1.1).14

Therefore, it was already early in the history of dendrimers suggested that these
nanoscale polymers would serve as synthetic mimics of proteins.45 However, the
hyperbranched structure of the dendrimer creates a highly multivalent surface,
exposing a much higher number of functional groups on the surface compared to
proteins of similar molecular size (Table 1.1).

Also, the molecular weight of, e.g. a G6-PAMAM dendrimer is only around half
of that of a protein of comparable molecular size (e.g. ovalbumin). This is a conse-
quence of the fact that a dendrimer, because of the molecular structure (tree shaped)
generally has a lower molecular density, i.e. less compact compared to a protein. The
higher molecular density of a protein is due to the ability to tightly fold the linear
polypeptide chain into a three-dimensional structure by extensive intramolecular
ion-pairing, hydrogen and hydrophobic bonding and disulfide cross-binding.46

However, in comparison with conventional linear polymers, the dendrimers are gen-
erally more compact molecules taking up a smaller hydrodynamic volume.47 X-ray
analysis on supramolecular dendrimer aggregates has revealed that the molecular
shape of the dendrimer upon increasing generation becomes increasingly globular
(i.e. more spherical in contrast to linear shaped), in order to spread out the larger
molecular structure with a minimal repulsion between the segments.48

16 Chapter 1



The use of dendrimers as protein mimics has encouraged scientist to carry out
studies to investigate the physicochemical properties of dendrimers in comparison to
proteins. Being nano sized structures, dendrimers may respond to stimuli from the
surroundings and can, like proteins, adapt a tight-packed conformation (“native”) or
an extended (“denaturated”) conformation, depending on solvent, pH, ionic strength
and temperature. However, there are some major differences in the molecular struc-
tures of dendrimers in comparison to proteins, resulting in a different physicochem-
ical response of a dendrimer compared to a protein. The dendrimer architecture
incorporates a high degree of conjunction consisting of a network of covalent bonds,
which results in a somewhat less flexible structure than found in proteins.

Numerous of studies have been carried out to investigate the physicochemical
properties of dendrimers applying computer simulations and chemical analytical
techniques. And in order to optimise the computer models to give a realistic picture,
a large amount of comparative studies have been carried out between predictions-
based theoretical calculations and experimental results by chemical analysis.49,50

Dendrimers and the effect of molecular growth: The conformational behaviour of a
dendrimer upon growing to higher generations are determined by (1) the molecular
dimensions of the monomers–short monomers induce rapid proliferation of chains
within a small space (2) the flexibility of the dendrons and (3) the ability of the end-
groups to interact with each other, e.g. by hydrogen bonding creating a dense outer shell.
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Table 1.1 Physicochemical properties of dendrimers in comparison to various
biological entities

Type of molecule Molecular pI/surface Diameter Number and type of 
weight charge surface functional 

groups*

G3-PAMAM 2411 /+ 2.2 nm 12 primary amines
(Starburst† )

G6-PAMAM‡ 28.788 11/+ 6.5 nm 128 primary amines
G6-PAMAM-OH 28.913 9/0 — 128 hydroxyls
Medium sized 43.000 5/+ and – 5 nm 20 primary amines 

protein 10 phenol groups 4 
(ovalbumin) thiols, 7 imidazoles

Large protein ~5.000.000 /+ and – — Approximately 2000 
(Keyhole Limpet primary amines, 700 
Hemocyanin) thiols, 1900 phenols

Virus ~40.000.000 — 50–200 nm —
Prokaryotic — Mainly 1–2 µm —

bacteria negative (30 nm cell 
membrane  
and cell wall)

Eukaryotic cell — Mainly 20 µm —
negative (9 nm cell 

membrane)

*Protein functional groups not necessarily surface localised, †core group is trifunctional, branches are
made up of ammonia and ethylenediamine building blocks; Starburst is a Trademark of Dendritech Inc.,
Midland, MI, US, ‡core group is tetrafunctionalised, branches are made up of methyl acrylate and ethyl-
enediamine building blocks.



An initial attempt to predict the intramolecular behaviour of a dendrimer upon
increasing the generation number using molecular simulations was reported by the
French scientists De Gennes and Hervet,51 who already in 1983 presented a modifi-
cation of the “Edwards self-consistent field” theory to describe the conformational
characteristics upon growth of a PAMAM (Starburst) dendrimer. Their analyses con-
cluded that upon growth, the periphery (outer shell) of the dendrimer becomes
increasingly crowded whereas the molecular density of the core region remains low
throughout the molecular growth. As no back-folding (dendrons folding into the
interior of the dendrimer) is taken into account, the increasing molecular crowding
in the outer shell will give a limitation on the generation number that a starburst den-
drimer can grow to.

One major problem in applying this model for dendrimers having, e.g. amine sur-
face groups is that it does not take into account that the dendrons in these compounds
have a relatively high mobility because of the lack of binding interactions between
both the dendrimer arms and the functionalities at the surface. This larger mobility
enables the dendrons to fold inwards towards the dendrimer interior as a conse-
quence of entropy, disfavouring the more ordered De Gennes dense shell packing
conformation.49 Thus, the structural behaviour of the dendrimer upon growing to
higher generations is determined by the ability of the surface functionalities to form
a network with each other via, e.g. hydrogen bonding or ion pairing thereby consol-
idating a dense outer shell. For this reason, the “De Gennes model” has generally
been opposed as a suitable model to describe unmodified flexible dendrimers as, e.g.
amino-terminated PPI and PAMAM dendrimers.50 However, in cases where the den-
drimer contain surface groups capable of hydrogen bonding a dendrimeric motif
with a very dense periphery (outer shell) and a hollow core may be obtained. An
example of “dense-shell behaviour” has been investigated by Meijers group52 who
modified the surface amino groups of high-generation PPI dendrimers with Boc-
phenyl alanine. Boc-phenyl alanine formed numerous of hydrogen bonds between
the outer shell amides achieved by the amidation of the dendrimer. In case of the G5-
PPI dendrimer, an outer shell was obtained with such a high molecular density that
small molecules, e.g. Rose Bengal and para-nitrobenzoic acid could be entrapped
inside the dendrimer without leakage to the surrounding solvent. This dense shell
dendrimer was named “the dendritic box”, and was besides being seminal in under-
standing fundamental structural chemistry of dendrimers, the first experimental
report pointing towards using dendrimers as molecular containers, for e.g. drug
delivery (see Chapter 3). Also, later studies of PPI dendrimers modified with amino
acids capable of forming hydrogen bonds did show a good correlation with De
Gennes “dense shell packing model” when increasing the generation number for
these systems.53 In this and similar cases the dense shell model of De Gennes and
Hervet is followed, because the hydrogen bonding between the end-groups disfavour
back-folding, which would otherwise lead to a higher molecular density in the inte-
rior of the dendrimer (Figure 1.13).

In order to give a more realistic picture on the molecular density in dendrimers
having a more flexible structure Lescanet and Muthukumar54 used “kinetic growth”
simulations to predict the molecular conformation of the Starburst molecules. Using
this approach they found that extensive back-folding may be found at the late stages
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of dendritic growth. These predictions were confirmed by experimental observations
performed on unmodified Starburst PAMAM amino-terminated dendrimers
(G0–G7) using 2H and 13C NMR. By using the NMR correlation- and spin-lattice
relaxation times, the mobility of the dendritic segments (dendrons) upon increasing
generation could be measured. The carbon NMR experiments revealed no supression
of mobility of the dendritic chain ends (termini), thus a low mobility of the chain
ends is a condition for dense packing of functional groups on the dendrimer surface
(e.g. De Gennes). In addition, increased average correlation times (τ) for the interior
segments, indicated an increasing molecular density in the interior as a result of
back-folding.55 2H-NMR relaxation experiments, to study chain mobility, indicated
a less restricted (faster) segmental motion of the chain ends (opposing the model of
De Gennes) in comparison to the chains of the interior of the dendrimer.56 These
findings were in accordance with the molecular simulations reported by Lescanet
and Muthukumar, approving this model to describe these types of dendrimers. Also,
calculations based on molecular dynamics indicate that flexible dendrimers of all
generations exhibit a dense core region and a less dense plateau region close to the
periphery of the molecule, i.e. low generation dendrimers have conformations with
low degree of back-folding (“density overlap”) compared to higher generations.
Upon reaching higher generations, the amount of back-folding increases upto 
the G8 dendrimers, where the molecular density is nearly uniform over the entire
dendrimer.57

Comparative studies have been carried out to determine the shape and evaluate the
change in steric interactions in amino-terminated PAMAM dendrimers compared to
carbosilane dendrimers upon increasing generation. The steric repulsion is deter-
mined by the “scaled steric energy parameter”. Carbosilane dendrimers are more
spherical in shape compared to PAMAM with the smaller generation dendrimers
being less spherical than the higher generation dendrimers. As carbosilane dendrimers
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are more spherical, the higher generation dendrimers are capable of having an
increased number of terminal groups on the molecular surface without increase of
molecular density in the outer shell region. This may be due to silicon, being a third
period element with a more flexible bond geometry. For PAMAM dendrimers, the
steric repulsion becomes almost constant with G>4, whereas for carbosilane den-
drimers the steric repulsion decreases upon increasing generation number.58

Dendrimers and the effect of pH: Amino-terminated PPI and PAMAM dendrimers
have basic surface groups as well as a basic interior. For these types of dendrimers
with interiors containing tertiary amines, the low pH region generally leads to
extended conformations due to electrostatic repulsion between the positively
charged ammonium groups. 

Applying molecular dynamics to predict the structural behaviour of PAMAM den-
drimers as a function of pH show that the dendrimer has an extended conformation,
based on a highly ordered structure at low pH (pH≤ 4). At this pH, the interior is get-
ting increasingly “hollow” as the generation number increases as a result of repul-
sion between the positively charged amines both at the dendrimer surface and the
tertiary amines in the interior.

At neutral pH, back-folding occurs which may be a consequence of hydrogen
bonding between the uncharged tertiary amines in the interior and the positively
charged surface amines. At higher pH (pH≥ 10) the dendrimer contract as the charge
of the molecule becomes neutral, aquiring a more spherical (globular) structure
based on a loose compact network, where the repulsive forces between the den-
drimer arms and between the surface groups reaches a minimum.59 At this pH, the
conformation has a higher degree of back-folding as a consequence of the weak
“inter-dendron” repulsive forces (Figure 1.14).
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Figure 1.14 Three-dimensional structure of a G6-PAMAM dendrimer, under different pH.
Calculations is based on molecular dynamics
(Reprinted from Macromolecules, 2002, 35, 4510, with permission. ©2002,
American Chemical Society)



Calculations as well as experimental data generally conclude that dendrimers
(G5–G7) are conformationally more affected by change in pH and ionic strength in
comparison to higher generation dendrimers (e.g. G8). The reason for this may be
found in the somewhat more restricted motion of the outer shell chain segments in
the higher generation dendrimers, leading to a more globular-shaped molecule
despite different conditions in the surroundings.60 As a curiosum, recent investiga-
tions show that amino-terminated PAMAM and PPI dendrimers in addition to their
pH dependent conformational changes also fluoresce at low pH.61

When looking at the pH-dependent conformational changes of PPI dendrimers
having acidic (carboxylic acid) end-groups, the picture is somewhat different com-
pared to what is observed for their amino-terminated counterparts (Figure 1.15).
Small angle neutron scattering (SANS) and NMR measurements of self-diffusion
coefficients at different pH values show that at pH 2 the dendrimer core has the most
extended conformation due to the electrostatic repulsion between the positively
charged protonated tertiary amines, leading to a large radius of the core, whereas the
dendrimer reaches its minimum radius at pH 6, where the amount of positively
charged amines equals the amount of negatively charged carboxylic groups (isoelec-
tric point) resulting in a “dense core” conformation more subjective to back-folding.
Thus, at pH 6 some degree of back-folding occurs as a result of attractive Coulomb
interactions between the negatively charged surface carboxy-groups and the posi-
tively charged tertiary amines in the inner shells of the dendrimer.62 This shows that
back-folding is not only a result of weak forces leading to a uniform molecular den-
sity of the dendrimer (entropy), but may also be mediated by attractive forces
(enthalpy) between inner parts of the dendrons and surface groups. In the carboxy-
PPI dendrimers a back-folded conformation minimise the repulsion between the neg-
atively charged surface groups and between the positively charged inner shell amines
leading to a lower repulsive energy of the system. At pH 11 the electrostatic repulsion
between the negative charged forces the surface groups apart to give a more extended
conformation with a highly expanded surface area (Figure 1.15).

Dendrimers and the effect of solvent: The ability of the solvent to solvate the den-
drimer structure is a very important parameter when investigating the conformational
state of a dendrimer. Molecular dynamics has been applied to study the variation of
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Figure 1.15 Two-dimensional depiction of conformational changes upon different pH of a
carboxy-terminated PPI-dendrimer



dendrimer conformation as a function of dendrimer generation in different solvents.57

Dendrimers of all generations generally all experience a larger extend of back-folding
with decreasing solvent quality, i.e. decreasing solvation. However, being more flexible,
the low generation dendrimers show the highest tendency towards back-folding as a
result of poor solvation compared to the higher generation dendrimers.

NMR studies performed on PPI dendrimers conclude that an apolar solvent like
benzene, poorly solvates the dendrons favouring intramolecular interactions between
the dendrimer segments and back-folding. However, a weakly acidic solvent like
chloroform can act as a hydrogen donor for the interior amines in a basic dendrimer
like PPI, leading to an extended conformation of the dendrimer because of extensive
hydrogen bonding between the solvent and the dendrimer amines.63 Both experi-
mental as well as theoretical studies on amino-terminated PPI and PAMAM den-
drimers (polar dendrimers) show the tendency that apolar aprotic (“poor”) solvents
induce higher molecular densities in the core region as a result of back-folding,
whereas polar (“good”) solvents solvate the dendrimer arms and induce a higher
molecular density on the dendrimer surface.

Interestingly, dendrimers having polar surface groups to some extent resemble
proteins in their conformational behaviour when subjecting these structures to more
apolar conditions, in the sense that back-folding of the polar surface groups may
expose the more hydrophobic dendrimer parts to the surroundings leading to a
decreased surface polarity of the back-folded dendrimer. A similar behaviour has
been observed in the adsorption of proteins onto hydrophobic surfaces, giving a
highly denaturated (unfolded) state of the protein exposing its interior hydrophobic
regions to interact with the surface (Figure 1.16).64
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In dendrimers with an interior structure based on chiral mixed pyridine-
dicarboxyanilide structures capable of hydrogen bonding, CD measurements
showed that the dendrons were more temperature sensitive to unfolding processes in
a polar solvent like acetonitrile compared to apolar solvents.65 This may be explained
from their more open and flexible structure, more easily accessible to solvation and 
H-bond disruption by polar solvents. The higher generation (G3) dendrons formed a
more stable intramolecular network less prone to be “denaturated” by the solvent,
resulting in higher denaturation temperatures for these dendrons.

When taking a look at dendrimers with less polar interior structures, e.g. dendrimers
based on Fréchet type dendrons, the behaviour in various solvents is, as would be
expected, significantly different from the more polar dendrimer constructs. For these,
rather apolar π-reactive dendrimers, toluene proved to be a “good” solvent because of
its ability to solvate the benzene containing Frechet dendrons by π-interactions. In
toluene, the hydrodynamical volume was increased from G1 to G4 with strongest
effect observed for the lower generations.66 The increased solvation of the lower gen-
erations compared to higher generations may be a consequence of the more open
structure of the low generation dendrimers allowing solvent molecules to penetrate
into the interior of the dendrimer. A more polar solvent like acetonitrile, with a poor
capability to solvate the dendrons, leads to a decrease in hydrodynamical volume
indicative of increased intramolecular π–π interactions. The decrease in hydrodynam-
ical volume was most pronounced for the G4 dendrimers.

Dendrimers and the effect of salt: Molecular simulations generally conclude that
high ionic strength (high concentration of salts) has a strong effect on charged PPI
dendrimers and favours a contracted conformation of dendrimers, with a high degree
of back-folding somewhat similar to what is observed upon increasing pH or poor
solvation.67,68 At low salt conditions, the repulsive forces between the charged den-
drimer segments results in an extended conformation in order to minimise charge
repulsion in the structure (Figure 1.17).

Dendrimers and the effect of concentration: In dendrimers with flexible structures the
conformation is not only affected by small molecules like solvents, salts or protons, but
may also be sensitive to larger objects, such as other dendrimers or surfaces which can
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Figure 1.17 Showing the three-dimensional conformational change of a PPI dendrimer upon
increasing ionic strength
(Reprinted from Chemical Reviews, 1999, 99, 1665–1688, with permission.
©1999, American Chemical Society)



have a great affect on the molecular density and conformation of the dendrimer. Small
angle X-ray scattering (SAXS) experiments performed on PPI dendrimers (G4, G5) in
a polar solvent like methanol show that the molecular conformation of dendrimers upon
increasing concentration becomes increasingly contracted. This molecular contraction
may minimise the repulsive forces between the dendrimer molecules and increase the
ability of the dendrimers to exhibit a more tight intermolecular packing.69

1.6 Summary
Dendrimers pose an exciting possibility for chemists to create macromolecular struc-
tures with a specifically tailored function or several functions. Dendrimers, like
macromolecules found in biology, respond to the surrounding chemical environment
showing altered conformational behaviour upon changes in, e.g. pH, solvent polar-
ity and ionic strength.

When going from smaller dendritic structures to more globular macromolecular
structures, compartments arise and the core region becomes increasingly shielded off
from the surroundings by the dendritic wedges and an increasingly dense surface. The
built-up dendrimer may be tailored to create a densely packed “De Gennes shell”, e.g.
by the introduction of hydrogen bonding surface groups or a more loose, flexible
structure can be obtained by diminishing the attractive forces between the surface
functionalities. In flexible dendrimer structures, back-folding may occur as a conse-
quence of weak forces between the surface functionalities or dendrons leading to a
more disordered conformation favoured by entropy, where the molecular density is
spread out over the entire molecular area. However, back-folding may also be a result
of attractive forces (ion-pairing, hydrogen bonding, π-interactions, etc.) between
functional groups at the inner part of the dendrons and the surface functional groups.
In these cases, back-folding is to a large extend driven by enthalpy. However, in both
cases, the back-folded state may lead to a more low-energy state of the dendrimer. In
addition, the degree of back-folding is to a large extend determined by the surround-
ings (solvent polarity, ionic strength), thereby constituting a delicate balance between
intramolecular forces and forces applied by the surroundings.

The microenvironment in the core may be used to carry low-molecular substances,
e.g. drugs, or may be useful to create altered properties of core-chromophores or flu-
orophores, etc. Furthermore, the dendrimers expose a multivalent surface, which as
elsewhere in biology, is a promising motif to enhance a given functionality. In the
next section the multivalency will be treated in more detail, how does the multiva-
lency of the surface functionalities affect a given surface function in biological sys-
tems and how does these highly synthetic macromolecules interact with biological
systems like cells, proteins and biological membranes in vitro and in vivo?
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CHAPTER 2

Properties of Dendrimers in
Biological Systems

2.1 Significance of Multivalent Binding in Biological
Interactions

Nature utilises dendritic structures in a wide range of applications in the design of
animals and plants. The reason is the beneficial behaviour of these dendritic struc-
tures with their ability to expose a highly multivalent surface to ensure maximum
interaction with the surroundings.

Multivalent interaction between substrates and various receptors is a common theme
in biology, where antibodies divalently bind specific antigens, and viruses adhere to tar-
get cells prior to infection via multivalent interactions between viral trimeric haemag-
glutinin and multiple sialic acid carbohydrate residues on the surface of the target cell.1

The favourable binding obtained in multivalent systems may be explained from
basic thermodynamics, stating that the favourable course of a reaction leads to an
increase in entropy (∆S � 0).2 However, the loss of entropy upon binding of a poly-
valent ligand to a receptor is greatly diminished because the degrees of motional
freedom of the ligands “interacting sites” are significantly reduced because of the
anchoring effect (chelate effect) obtained by binding the first “arm” of the ligand to
the receptor (Figure 2.1). The decreased entropy loss of binding the second ligand
arm makes this a highly favourable reaction from a thermodynamic point of view,
thus shifting the equilibrium strongly towards binding of this second ligand site.

The phenomenon of binding-affinities being much larger in multivalent interac-
tions than the expected additive affinity increase based on the system valency, has
been given different terms depending on the scientific context encountering and
treating this effect. In inorganic coordination chemistry, the strong interaction
between multivalent (or multidentate) ligands with metal ions is denoted “the chelate
effect” where the most widely used ligand based on this property may be the very
well-known hexavalent ligand “EDTA” used for vast amount of applications due to
its strong complexation to divalent earth metals.

In glycobiology, the multivalent interaction between numerous carbohydrates
entities on a cell surface with numerous lectin molecules on e.g. a viral surface has



been termed “the glycoside cluster effect”. And finally, in dendrimer chemistry the
synergistic enhancement of binding as a consequence of multivalency is termed “the
dendritic effect”. Roughly spoken, these three terms all treat the same subject, albeit,
in systems of different molecular size and properties. The term “chelate effect” is
usually applied for smaller inorganic or organic systems having sub-nanometer
dimensions. The “dendritic effect” is applied to larger dendritic molecular systems
usually in nanometer dimensions, and finally the “cluster glycoside” effect is a term
usually applied on supramolecular chemical (and biological) events taking place in
systems having nano- to micrometer dimensions.

In biology, multivalent interactions are successfully applied where it is difficult
to obtain high-affinity binding to a monovalent ligand. In these cases, the synergis-
tic increase in affinity of a polyvalent ligand/receptor results in an overall signifi-
cant affinity.

2.1.1 Dendritic Effect

A dendritic- or cluster effect is apparent when a simultaneous binding of entities of
a ligand leads to a synergistic increase in the overall association as result of a coop-
erative binding of ligand sites,1 so that 

Kpoly (synergy) � (Kmono)
n

where n equals number of ligand sites.
In contrast, the additive increase of binding affinity observed with a polyvalent

ligand–receptor systems where no synergy (cooperative) effect is observed, equals:

Kpoly (additive) � (Kmono)
n
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Figure 2.1 The binding of a divalent ligand to a divalent receptor. The arrows show some of
the rotational and some translational degrees of freedom (shaded arrows in the
back). By the binding of the first ligand site, the degrees of freedom are significantly
reduced, leading to an entropically favoured binding of the second ligand site
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Polyvalent interactions of high-affinity ligands lead to a higher specificity in com-
parison to ligands with lower affinity because of the resulting in an exponential
increase of binding affinity

Kmono (lower affinity) � Kpoly(lower affinity)

Kmono(higher affinity) �� Kpoly (higher affinity)

High specificity is crucially important in the complex molecular recognition found
in biology.3

Thus, in nature the multivalent binding/presentation of a certain motif is widely
used to provide:

● tight binding of ligands, which in their monovalent form only bind to the recep-
tor with low affinity and

● more efficient cell–cell, cell–virus or cell–bacteria interactions.

2.1.2 Carbohydrate Ligands

Dendrimers provide a simple synthetic scaffold for multivalent presentation of a cer-
tain motif together with an easy access to modulate the spatial arrangement of each
ligand site in a well-defined way, and several research groups have investigated the
enhancement of binding between ligands based on dendrimer scaffolds with various
receptors.

Especially, in the weak interactions between carbohydrates and proteins (e.g.
lectins or antibodies), the ability to create a strong carbohydrate–protein affinity may
be provided by increasing the valency of the carbohydrate-containing ligand, i.e. by
coupling the monomeric carbohydrate ligand to the dendrimer surface for multiva-
lent presentation. The dendrimer scaffold offers an easy access to vary the spatial
arrangement of the carbohydrate ligands to make a perfect fit for a particular recep-
tor. From a medicinal point of view, the interactions between carbohydrates and pro-
teins (lectins) is of high importance, as many biological events involve specific
protein/carbohydrate recognitions e.g. in virus/cell and bacteria/cell interactions. In
addition to the understanding and careful control of these recognition processes,
dendrimers may pose a very important platform in the development of drugs and
vaccines, which may serve as inhibitors for microbial invasion or as recognition tar-
gets for the generation of antibodies.

The well-known lectin Concanavalin A (Con A), which recognises gluco- and
mannopyranoside moieties present in carbohydrate-containing ligands, has been
subjected to numerous investigations on the effect of binding multimerically pre-
sented carbohydrates in comparison to binding the monovalent ligand.4–7 The bind-
ing between this lectin and glucose/mannose containing substrates shows
tremendous increase (600-fold) in the binding to Con A upon going from monova-
lent mannopyranosides to a 16-mer presentation on polyglycine/lysine-based den-
drimers.5 Interestingly, it was found in addition that dendrimers having the



carbohydrate bound via an aromatic spacer were bound significantly better to the
lectin in comparison to a similar dendrimer carrying its carbohydrates via an
aliphatic spacer. This indicates that even small modulations in the molecular motif
have an effect on the recognition by the lectin.

Where the previously mentioned polyglycine–lysine-based dendrimers had to be
synthesised step by step using divergent solid-phase synthesis, preformed PAMAM
dendrimers could constitute a useful scaffold for the subsequent surface modifica-
tion with a lectin substrate like  mannose. In comparison to the polyglycine/lysine
dendrimers, the mannosyl-coated PAMAM dendrimers showed somewhat lower
affinities, albeit, the binding-affinity towards Con A was increased 400 times when
applying the mannosylated G4-PAMAM dendrimer (32-mer) compared to
monomeric mannose (Figure 2.2).6

Also, the binding of carbohydrate-containing substrates to another biologically
important lectin, the Shiga-like toxin (SLT), has been shown to be dependent on the
valency of the substrate. SLT, or verotoxin is an exotoxin of Escherichia coli, resem-
bling the exotoxin of Shigella dysenteriae, and responsible for haemolytic uremic
syndrome (HUS) upon infection with certain serotypes of E. coli expressing SLT
leading to renal dysfunction. A panel of monovalent and divalent carbohydrate sub-
strates showed preferable binding of the divalent substrates.8 Recently, further inves-
tigation on the multivalent binding between the SLT system and silicon-containing
dendrimers with a highly multivalent surface has shown further enhancement in the
binding of this toxin. These conjugates are suggested to have a therapeutic effect in
the treatment of the infection caused by these bacteria. The use of carbohydrate-
exposing dendrimers (glycodendrimers) as antibacterial drugs and therapeutics will
be treated more thoroughly in Chapter 4.

Adhesins are a class of carbohydrate-binding proteins located on the fimbriae of
certain bacteria, and are important tools for the initial recognition/adhesion of bac-
teria to the cellular surfaces of the host organism. The use of multivalency in high-
affinity ligands for bacterial adhesins (antiadhesins) may be an important platform
in the design of antibacterial therapeutics for prevention of infection and for min-
imising the pathological symptoms inflicted upon the organism by the bacteria
(Figure 2.3).
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Figure 2.2 Schematic depiction on the increase in binding-affinity between mannosylated
dendrimer and Con A with increasing valency of mannosylated polyglycine-lysine
dendrimers in comparison to monomeric methyl-a-D-mannopyranoside. The
numbers in brackets refer to the increase in binding-affinity per mannose unit



Polylysine-based dendrons with mannosylated surfaces, have shown a 12.500
times affinity increase in the binding to E. coli type 1 adhesin (FimH protein) in
comparison to the reference inhibitor Me-α-D-mannopyranoside.9

These studies showed that not only the multivalency of the synthetic inhibitor was
an important factor, but also the length of the spacer separating the respective mannose
moieties. Also here, the presence of an aromatic- or aliphatic spacer moiety next to the
carbohydrate increased the binding affinity significantly, whereas more polar groups
such as positive amidino group or an amide lead to a decrease in adhesion binding.

As we will see in Chapter 4, the use of carbohydrates for surface modification of
dendrimers as well as smaller negatively and positively charged functional groups is
widely used, not only in the competitive binding of bacteria and viruses to hamper their
adhesion to the host cell, but also in destruction of the microbial intruder.

2.2 Biocompatibility of Dendrimers
In order to incorparate dendrimers as biological agents, introducing them to biolog-
ical systems, certain properties have to be present or fine-tuned through preclinical
chemical modification. The demands for dendrimers to obtain an appropriate bio-
logical function are that they should be:

● non-toxic;
● non-immunogenic (if not required for vaccine purposes);
● biopermeable, having the ability (if required) to cross biobarriers, e.g. the intes-

tines, blood-tissue barriers, cell membranes or bacterial membranes etc.;
● able to stay in circulation in the biological system for the time needed to have

the desired clinical effect;
● able to target specific biological structures.

Biological properties like the toxicity or the immunogenicity profile of a den-
drimer is to a large extent governed by the size of the dendrimer and by the surface
groups present on the particular dendrimer. The inner dendritic structures are gener-
ally of less importance as interactions between the dendrimer and the surroundings
generally take place via the groups exposed on the dendrimer surface, which may
enable the dendrimer to penetrate e.g. a cell surface in a functional or disruptive way
(i.e. to induce endocytosis or cytotoxicity).

Dendrimers are in this regard an interesting class of molecules, because they rel-
atively easily may be modified at their surfaces to obtain specific biological proper-
ties. Therefore, by appropriate variation of the surface motifs, dendrimers with
specific biological properties can be constructed and their biological properties can
be modulated in endless ways (Figure 2.4).

2.3 In Vitro Cytotoxicity of Dendrimers
The vast majority of biological studies on dendrimers concern the measurements of
in vitro cytotoxicity. Performing the studies in vitro gives a direct measure of the
effects of a specific molecular motif or change in motif, without the complexity
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often experienced in vivo. In order to measure the cell viability in vitro, a number of
analytical methods are used. The most common viability assays, and terms in this
regard, will briefly be mentioned here.

LDH assay: Together with the MTT assay (vide infra), this is the most frequently
utilised assay for measuring cell viability. Lactate dehydrogenase (LDH) is an
enzyme present in the cytosol of mammalian cells. In intact cells, the cell membrane
is not permeable for LDH, which resides inside the cell. However, upon cell dam-
age, the breakdown of the cell membrane (cell-lysis) allows the LDH to diffuse out
into the surroundings. LDH catalyses intracellular conversion of lactate to pyruvate
under the formation of NADH from NAD�. The spectroscopic changes (340 nm)
resulting from this reaction may be used as a measure for the cell viability.10 Further
development of this assay relies on the fact that the NADH produced by this reac-
tion have the ability to reduce tetrazolium salts into strongly coloured formazan
adducts, and the degree of cell-lysis/cell viability can be measured at e.g. 492 nm
with high sensitivity (see Figure 2.5.)

MTT assay: Like some of the LDH assays, this assay relies on the reductive cleav-
age of the tetrazolium moiety to formazan by LDH/NADH or the mitochondrial
enzyme SDH (succinate dehydrogenase). MTT refers to a specific tetrazolium com-
pound (3-[4,5-methylthiazol-2-yl]-2,5-diphenyltetrazolium bromide). In this assay
the MTT is taken into the healthy cell, and is converted to insoluble formazan crys-
tals inside the cell as a consequence of cellular cytosolic and mitochondrial activity.
In an intact cell, the formazan precipitate is not able to diffuse through the cell mem-
brane and resides inside. However, in damaged cells the formazan diffuses out and
the intracellular content of formazan is much lower in this case. The content of
viable cells is analysed by cell-lysis of the residual cells, where the amount of resid-
ual formazan is proportional to the cell viability and metabolic activity.11

Haemolysis assay: In this assay, red blood cells are exposed to the target com-
pound, and the release of haemoglobin is measured in supernatant (550 nm). The
degree of haemolysis is expressed as the percentage of released haemoglobin
induced by 1% v/v Triton-X-100.
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Scanning electron microscopy (SEM) is an alternative technique for the visualisa-
tion of the cell viability. Upon imposing a cytotoxic substance to a cell –culture, an
increased amount of “clothing” of the cells can be observed by this technique, which
indicates poorer cell viability and prelytic behaviour of the cells.

IC50: The concentration (in µg mL�1) causing 50% inhibition of e.g. enzyme
activity.

LD50: The concentration lethal for 50% of the test animals (in vivo studies) or cells
in a cell culture (in vitro).

Surface groups inducing cytotoxicity: Cell surfaces in eukaryotic and prokaryotic
organisms expose negatively charged surfaces consisting of e.g. sialic acid carbohy-
drate moieties. In order to avoid disintergration of the cell surface due to electrostatic
repulsion between the negatively charged surface groups, the presence of divalent
earth metal cations e.g. Ca�� ensures overall charge neutrality of the cell surface
(Figure 2.6).

Dendrimers or other macromolecules exposing cationic (e.g. basic) surfaces gen-
erally show cytotoxic activity. The toxicity of molecules with cationic surface groups
(e.g. primary amines) is attributed to disruption of the cell membrane through the ini-
tial adhesion by electrostatic attraction to the negative cell surface groups, followed
by either hole formation or endocytosis.12 The formation of holes and channels in the
cell wall will cause the cell to lyse. The exact mechanism of the destabilisation of
the cell wall caused by cationic molecules has, however, not been elucidated in
detail. Model studies of interaction between PAMAM dendrimers and liposome
vesicles show disruptive interactions between the lipid membrane and the den-
drimers and indicate that large dendrimer aggregates are responsible for the mem-
brane permeation. However, it is suggested that transfection and disruption of the
cell membranes happens via endosome formation, which may enable the dendrimers
to disrupt the cell membrane from inside the cell.13 The cytotoxicity profile of these
cationic dendrimers seems to be governed extensively by the primary amine surface
groups as e.g. melamine-based dendrimers having amine surface groups have an 
in vitro toxicity similar to amino PPI and PAMAM dendrimers.14
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Unmodified amino-terminated G4-PAMAM dendrimers were shown to be more
toxic towards muscle cells, i.e. to show higher myotoxicity compared to cationic
liposomes and proteins. Also, neuroblastoma cells suffered from cell-lysis after 1
week of exposure to amino-terminated PAMAM and PPI dendrimers.15

The ability for the dendrimer to expose a cationic surface is proportional to its cyto-
toxicity. It has been shown that cytotoxicity of dendrimers having amine surface
groups is highly dependent on the degree of substitution on the surface amine, i.e. pri-
mary amines are more toxic than secondary and tertiary alkyl amines. In the more
substituted amines, the positive charge on the nitrogen atom is to a larger extent
shielded off from interacting with the surroundings by the alkyl substituents, which
have a larger size compared to the hydrogen atoms present on a primary amine.16,17

Dendrimers having cationic guanidinium surface groups are generally found to be
cytotoxic and haematotoxic even at low concentrations,18 however, dendrons based
on an aliphatic skeleton carrying guanidinium surface groups show no significant
toxicity, although in this specific study, only a G2 dendron was tested. On the other
hand, these dendrons were shown to be good candidates for delivery through intra-
cellular translocation.19

Whereas cationic amino-terminated dendrimers show significant cytotoxicity, also
apolar functionalities presented (e.g. aromates or lipid chains) on a dendrimer sur-
face may induce cell-lysis.20 The mechanism of cell membrane disruption may in
these cases be governed by weaker hydrophobic interactions between the lipid
bilayer in the cell membrane and the dendrimer surface lipids. However, as we shall
see, lipophilic surfaces on dendrimers may also play a favourable role in vesicle and
endosome formation, i.e. in membrane penetration by endocytosis.

Surface groups decreasing cytotoxicity: Encapsulation or “quenching” of the
charged surface amines by e.g. the previously mentioned alkylation or amidation
strongly decrease the cytotoxcicity of the dendrimer as a consequence of the alkyl
groups’ ability to shield off the basic nitrogen atoms. Also, for linear polymers like
poly-L-lysine it has been found that the toxicity may be quenched by Michael addi-
tion to N,N-dimethylacrylamides, creating a non-toxic alkyl-amide surface.21

Investigations on dendrimers having a trialkylbenzene core show that these types
of dendrimers are cytotoxic (MCF-7 human breast cancer cells) when covered with
phenylalanine surface groups, probably due to disruption of the cell membranes via
electrostatic and/or hydrophobic interactions provided by the basic primary amines
and the phenyl groups present at the dendrimer surface (Figure 2.7). Upon introduc-
tion of dansyl surface groups on these dendrimers, the cytotoxicity was quenched,
even though the dansyl group, like the phenylalanine, contains both an aromatic and
a basic part. However, the dansyl group contains an aromatic tertiary amine, where
the basic nitrogen is shielded off by the substituents, and in addition has a lower
basicity compared to phenylalanine. These factors lead to a significantly less-
charged surface, although this surface still can interact with the cell membrane
through hydrophobic interactions.22 Dendrimers partially derivatised with dansyl
groups, thus having some primary amines present at their surface still maintained
significant cytotoxicity. Surprisingly, the authors found that surface derivatisation of
these dendrimers with an ethylene diamine derivative leads to low cytotoxicity as
well. This finding contradicts the general assumption that dendrimers carrying
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primary amines at their surfaces are cytotoxic. The explanation for the behaviour of
these diamine-derivatised dendrimers is not straightforward, but may rely on the
higher ability of quenching the 1.2 diamines membrane binding because of the bind-
ing to metal ions or hydrogen donors as e.g. water (chelate effect).22

Converting the basic primary amines to non-charged amides by acylation and
acetylation strongly affects the toxicity profile towards low toxicity and poor adhe-
sion to the cell membrane.12 Even partial derivatisation of the surface primary
amines to amides carrying a diminished positive charge results in decreased toxicity
of the dendrimer (Figure 2.8).

The cytotoxicity profile of PAMAM dendrimers may be fine-tuned towards low
toxicity (from IC50 ~ 0.13 to �1 mM, Caco-2 epithelial cells) by mixed derivatisa-
tion with lipid and PEG chains. Increasing the number of lipid chains results in
increased cytotoxicity, although, the lipidated dendrimers have lower cytotoxicity in
comparison with the unmodified amino-terminated dendrimers.20

For dendrimers having a triazine-based scaffold, the cytotoxicity was found
roughly to decrease by the following sequence of surface groups (with their respec-
tive charges under physiological conditions).18

NH3
� � Guanidyl� � SO3

� � PO3 
2� � COO� � PEG

When covering an e.g. PAMAM or PPI dendrimer surface with anionic groups like
carboxylates or sulfonates, dendrimers with very low or no cytotoxicity are obtained.
The general non-toxic nature of anionic functionalities may be due to the non-
adhesive nature of these dendrimers towards the cellular membranes being nega-
tively charged as well. Also, haemolysis is greatly diminished with the introduction
of anionic groups at the dendrimer surface. As we shall see, these anionic surface
groups may even have a therapeutic effect against e.g. viral or bacterial infections.

Hydroxy groups or hydroxyl-containing compounds e.g. carbohydrates at the den-
drimer surface generally result in low cytotoxicity of the dendrimers regardless of
the dendrimer scaffold. PAMAM dendrimers with hydroxyl surface groups
(PAMAM–OH) have in some cellular test systems even been found to exhibit a
lower cytotoxicity compared to carboxy-terminated PAMAM dendrimers of similar
generation.23

Similarly, PAMAM dendrimers surface modified with fructose and galactose show
good stabilisation properties for hepatocytes (liver cells) in vitro. The analysed liver
cells had better viability when cultured in the presence of the fructose/galactose-
modified dendrimers, whereas pronounced apoptosis and necrosis were experienced
by hepatocytes cultured on unmodified amino-terminated PAMAM dendrimers.24

Also, haematotoxicity studies performed on silicon-based dendrimers having
hydroxy surface groups conclude that these dendrimers showed a low haematotoxic-
ity and cytotoxicity, similar to that of carboxy-terminated PAMAM dendrimers.25

Introduction of uncharged PEG chains on the dendrimer surface generally leads to
very low cytotoxicity indeed. This inertness may be due to the non-disturbing prop-
erties of PEG probably caused partly by the ability of the PEG chain to uphold a suf-
ficient hydration of the dendrimer surface together with charge neutrality, thereby
suppressing hydrophobic or ionic interactions with the cell membrane.26
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On the other hand, cytotoxicity studies performed on amino-terminated polylysine
(PLL) dendrimers complexed with DNA did not show any clear diminished toxicity
of PEGylation of the surface amines, although the authors found that a 4:1 charge
ratio of G5-PLL/DNA complex exhibited lower cytotoxicity in comparison to a sim-
ilar complex comprising of the unmodified dendrimer (20% versus 40%).27

Additives decreasing cytotoxicity: Additives may lead to a significant reduction of
cytotoxicity when added to toxic dendrimers having cationic surface groups. In an
in vitro system of human carcinoma (HeLa) cell line it has been shown that formu-
lations of foetal calf serum with an amino-terminated G6-PAMAM dendrimer par-
tially modified with the Oregon Green fluorophore exhibit lower toxicity in
comparison to the dendrimer alone.28 The cytotoxicity of these formulations was
reduced further by complexation with oligonucleotides. An explanation for these
findings could be the ion pairing between the basic dendrimer and acidic proteins in
the serum mixture, giving dendrimer–protein complexes with reduced charge and
increased shielding of the dendrimer surface in comparison to the uncomplexed den-
drimer. Also, formulations of dendrimers with ovalbumin show lower cytotoxicity
compared to free dendrimer.29 This may be similar to what is observed for serum
addition, due to the electrostatic interaction between the negatively charged ovalbu-
min surface (pI~5) groups and the cationic dendrimer, leading to overall low charged
or neutral complexes, similar to what is observed for dendrimer–DNA complexes or
dendrimers in presence of foetal calf serum (vide supra).

Additives such as DNA or RNA as well as phosphorothioate DNA analogues have
been found to greatly reduce the cytotoxicity of dendrimers carrying amino surface
groups. This could rely on the reduction of overall positive charge upon complexa-
tion to negatively charged DNA compared to the uncomplexed cationic den-
drimer.15,16 Detailed studies of the complexation between dendrimers and DNA have
revealed that the overall charge of a dendrimer–DNA complex is not only reduced,
but may even be negative in the case of complex formation between a G2-PAMAM
dendrimer and DNA. Furthermore, it is shown that the DNA to a large extent is
wrapped around the dendrimeric spheres, thereby creating a non-toxic “shield” for
the dendrimer cations.30 The negatively charged DNA may lead to a general shield-
ing of the cationic dendrimer surface amines, similar to what is obtained by covalent
modification of the surface amines. However, upon increase of the dendrimer gener-
ation the cytotoxicity of the dendrimer/DNA complexes is increased, probably due
to greater exposure of positive charges to the surroundings.31

Furthermore, these cytotoxicity studies on polycation–DNA complexes showed the
same or higher cytotoxicity when an unmodified amino-terminated G5-PAMAM den-
drimer was formulated with high concentrations of DNA.31 In this case, the higher
toxicity of the DNA–dendrimer complexes is not directly attributed to toxicity of the
cationic amino-terminated dendrimer, but may be related to the cellular stress upon
transfection with high levels of DNA (3 µg mL�1), which leads to apoptosis.32

Also, for amino-terminated PLL dendrimers (G3, G4) complexation with DNA
leads to low cytotoxicity (�20%, MTT assay, retinal pigment epithelial cell line
D407). Only the G5-PLL/DNA complexes (charge ratio 4:1) showed significant cyto-
toxicity (40% decrease in cell viability) in comparison to complexes comprising of
lower generation (G �5) dendrimers.27 As for PAMAM dendrimers, it is rationalised

40 Chapter 2



that the higher generation PLL dendrimers due to their more spherical and rigid struc-
ture and higher surface charge, still may be able to expose a significant number of
positive charges even when complexed to DNA.31

These dendrimer–DNA complexes interact and penetrate the cell membrane
predominantly by endocytosis, which is a non-toxic membrane penetrating pathway
alternative to the cytotoxic “hole formation pathway” accompanied by cell-lysis.
The transfection mechanism by endocytosis and endosomal release of the
dendrimer–DNA complexes for further delivery to the cell will be more thoroughly
explained in Chapter 3.

Effect of the dendrimer scaffold on cytotoxicity: Initial comparative studies
between PAMAM (starburst) dendrimers and the polylysine 115 (PLL115) den-
drimer performed on different cell lines show that the PAMAM dendrimers had sig-
nificantly lower cytotoxicity than polylysine 115 (LD50(PLL115) � 25 µg mL�1

and LD50(G6-PAMAM) �300 µg mL�1).33

Cytotoxicity as well as haematotoxicity of amino-terminated PAMAM and PPI
dendrimers has been shown by several research groups to be strongly dependent of
the dendrimer generation (i.e. the size of the dendrimer scaffold), with the higher
generation dendrimers being the most cytotoxic.25,34 Both dendrimers having
PAMAM, PEI and PPI structures show the same trend in generation-dependent cyto-
toxicity. Zinselmeyer and co-workers35 found a roughly generation-dependent cyto-
toxicity profile for PPI dendrimers with the following order:

G5-PPI � G4-PPI � G3-PPI � DOTAP � G1-PPI � G2-PPI

where DOTAP is N-[1-(2,3-dioleoyloxy) propyl]-N,N,N, trimethylammonium
methyl sulphate, a conventional transfection reagent used for DNA transfection.
These observations are in agreement with earlier findings from polymer science,
stating that the cytotocicity of polymers is proportional to their molecular size.16
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Modified amino-terminated PAMAM dendrimers based on a trimesyl core show
a similar generation-dependent cytotoxicity profile (HeLa cells), albeit these modi-
fied PAMAM dendrimers showed significantly lower toxicity in comparison to tra-
ditional polycationic carriers as PEI and PLL.36

In contradiction to this general trend, dendrimers based on an alkylsilan scaffold
grafted with non-toxic hydroxyterminated polyethyleneoxide (PEO) have shown an
inverse generation-dependent behaviour, where the lower generation dendrimers are
more toxic than the higher generation dendrimers.25 This supports the notion that, in
lower generation dendrimers, a potentially toxic dendrimer core will be more easily
exposed for interactions with the surroundings e.g. cell surfaces, whereas the core in
higher generation dendrimers is more shielded off by a non-toxic surface, resulting
in low cytotoxicity.

In addition to the size of the dendrimer, the flexibility of the polymer skeleton also
seems to be important for the cytotoxicity of a given polymer. It has been found that
amino PAMAM dendrimers, with their lower flexibility and globular structure, are
less cytotoxic in comparison to amino-functionalised linear polymers. This may be
explained by the lower ability for the less flexible and globular dendrimer to perform
sufficient adhesion to cell surfaces.16

The flexibility of the PAMAM dendrimer skeleton in amino-terminated dendrimers
can be increased by partial fragmentation of the dendrimer by heating or solvoly-
sis.36,37 The increased flexibility of these fragmented amino-terminated PAMAM den-
drimers makes these more prone to complexation with DNA and thereby increase
their usefulness as non-viral transfectants. In vitro mesasurements carried out on these
fragmented dendrimers show that their cytotoxicity is lower compared to that of the
perfect dendrimers. Although this seems to contradict the notion that a flexible poly-
mer is considered more cytotoxic than a more rigid polymer, another factor comes
into play as well, namely, the density of the surface primary amines. It has been found
that, although a certain number of primary amines is required to sufficiently complex
the DNA, the amount of primary amines present on the surface of a fragmented den-
drimer is lower compared to the intact dendrimers. As a consequence, the overall
charge density is decreased, and the less cytotoxic, alkyl shielded, tertiary amines to
a larger extent serve as a source for ion pairing with DNA (Figure 2.9).38

Also, the haematotoxicity (rat blood cells) of amino-terminated PAMAM den-
drimers was shown to be dependent on the dendrimer generation, with increasing
haemolytic activity of the dendrimer upon increasing generation.25 A similar behav-
iour has been observed for the interaction between human blood cells (erythrocytes,
Central Blood Bank, Lodz, Poland) and PAMAM dendrimers.39 Amino-terminated
PAMAM dendrimers generally showed lower haematotoxicity compared to amino-
terminated dendrimers of the PPI and PEI type. This may be due to the significantly
less-charged PAMAM scaffold consisting of a mix of amides and tertiary amines in
comparison to the highly cationic scaffolds found in PPI and PEI dendrimers, being
solely based on a tertiary amine skeleton.25 The PAMAM dendrimer scaffold also
has a lower degree of flexibility compared to PPI and PEI, because of the presence
of “sp2 amide carbonyl” carbons with lower flexibility compared to alkyl bonds.

Interestingly, it has been found that polybenzylether-based dendrimers (Fréchet
type) covered with “cytotoxicity quenching” carboxylate surface groups show
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haemolytic activity after 24 h incubation with rat blood cells.25 The membrane-
disrupting property of this dendrimer type may be caused by hydrophobic interac-
tions from the dendrimer scaffold with lipid chains in the cell membrane.

As a general rule of thumb, dendrimer scaffolds containing numerous positive
charges and/or hydrophobic motifs are cytotoxic; however, their ability to be “neu-
tralised” by e.g. non-toxic surface groups may vary depending on the nature of the
scaffold.

When comparing two types of dendrimers based on a poly(ether imine) skeleton,
the dendrimer with an aromatic core was significantly more cytotoxic (~30%
decrease in cell viability, mammalian CHO cells and breast cancer T47D cells) com-
pared to a similar dendrimer based on a diaminoethylene ether core, albeit neither of
these dendrimers exhibited pronounced cytotoxicity.40 Further modification on these
poly(ether imine) motifs has been carried out and the cytotoxicity profiles of these
dendrimers are promising with respect to biological applications (Figure 2.10).41

Recently, dendrimers based on a polyester skeleton and covered with PEG as sur-
face groups have shown to be non-toxic in vitro, posing an ideal scaffold for drug
delivery or therapeutical applications.26 At high concentrations (40 mg mL-1) some
inhibition of cell growth was seen in vitro (murine melanoma cell-line B16F10, sul-
forhodamine B assay), however no cell death was monitored.

2.4 In Vivo Cytotoxicity of Dendrimers
In comparison with the large number of in vitro investigations on dendrimers, inves-
tigations concerning the in vivo toxicity of dendrimers are sparse. The full organism
seems to react in a somewhat different way to what is observed by in vitro investi-
gations, e.g. dendrimers that show cytotoxicity in vitro do not necessarily lead to
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toxicity in vivo and vice versa. Furthermore, the testing of a certain substance in dif-
ferent animal models may have very different outcome, e.g. being highly toxic to one
animal and almost non-toxic to another.

Typical in vivo symptoms are inflammation around the injection area, granuloma
formation or tissue necrosis; other severe symptoms may be hyperthermia, vomiting
and weight loss. The more radical LD-50 measures the dose/kg required that is lethal
for 50% of the animals tested. Most in vivo studies reported on dendrimers so far
have been carried out in mice or rats.

Amino-terminated or modified PAMAM dendrimers up to G5 do not appear to be
toxic in vivo;34,42 however, administering amino-terminated G7-PAMAM den-
drimers to mice (45 mg kg−1) proved fatal (20% of the animals) after 24 h in several
experiments.34 This is also in agreement with later findings where the administration
of G7-PAMAM dendrimers to mice leads to the death of 20% of the animals, con-
cluding that the application of G7-dendrimers in vivo “seem to have the potential to
induce problems”.25 Therefore, high-generation (�G6) PAMAM dendrimers are
generally not considered appropriate molecular tools in bioapplications because of
their high toxicity.34

Melamine-based dendrimers administered i.p. in high doses (160 mg kg−1) resulted
in 100% mortality 6–12 h after injection. Lower doses (40 mg kg−1) of melamine-
based dendrimers (i.p. administration) appeared to be hepatotoxic to mice after 48 h
based on the measurement of liver enzyme activity, and liver necrosis was observed.14

However, administering low doses of these dendrimers (e.g. 2.5 mg kg−1) did not pose
any problems in vivo.
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Polylysine-based dendrimers having sulfonate or carboxylate surface groups show
good antiviral activity against Herpes simplex virus (HSV), and have in this regard
been tested for toxicity in vivo (mice). Preliminary studies of these dendrimers reveal
no toxicity in vivo in the concentrations used (10 mg mL−1).42

Upon applying dendrimer scaffolds built up of non-charged hydrophilic function-
alities generally improves the biocompatibility. Dendrimers based on a polyester
scaffold with hydroxy or methoxy surface groups have shown to be non-toxic in vivo
(mice) even at very high concentrations (1.3 g kg−1).26,43 At very high concentrations
(40 mg mL-1) some inhibition of cell growth in vitro was observed, but no acute or
long-term effects were measured in vivo at doses of 0.1 g kg−1. The LD50 value of a
polyester dendrimer shown in Figure 2.11 was 1.3 g kg−1; the course of death is
unclear but was not due to a general haemolytic effect.26 The polyester scaffold is
very interesting from a biological point of view; first, it is non-toxic, second, the
ester moiety may be degraded in vivo by hydrolytic enzymes after release of a drug,
or other bioactive substance.

In vivo studies of triazine-based dendrimers carrying PEG2000 surface groups in
mice conclude that this dendrimer type did not have any liver or kidney toxic effect
on these animals, measured from the urea nitrogen content (large secretion indicates
renal dysfunction) or alanine transaminase liver enzyme levels (alanine transaminase
is a liver enzyme associated with activity and viability of the liver cells).18

In conclusion, dendrimers generally do not appear to induce significant toxicity in
vivo, however, some general trends can be put out. The in vivo toxicity is dependent
on molecular size (generation) of the dendrimer, where large size dendrimers (�G6)
seem to be toxic to the organism, especially when the dendrimer in addition has
cationic surface groups. In these cases, there is some correlation with the cytotoxic-
ity observed in vitro. The in vivo observed symptoms may be a consequence of high
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Figure 2.11 Polyester-based dendrimer for drug delivery purposes. This dendrimer type
shows very low in vitro and vivo toxicity26



cytotoxicity in combination with poor biopermeability of these molecules, which
retards the normal pathways of excretion from the organism. The following accu-
mulation in the organs leads to tissue necrosis and severe malfunction due to cyto-
toxicity. Modification of the surface with non-invasive PEG chains on the dendrimer
surface improves the properties of the dendrimer in vivo towards longer blood half-
lives and less accumulation in the organs (vide infra).

2.5 Biopermeability of Dendrimers
In order to use dendrimers for drugs or drug delivery, their biopermeability on an
intracellular level as well as their ability to cross intestinal barriers (epithelia) or
blood-tissue barriers (endothelia) etc. has to be taken into consideration. The ability
to penetrate various biobarriers depends on the specific function of the biobarrier.
The epithelial layer has to be tight in order to filter the large amount of microorgan-
isms e.g. bacteria or viruses taken in, in every breath of air, or to be able to carefully
filter beneficial compounds from non-beneficial compounds in every meal we eat. In
e.g. the blood circulation, which transports beneficial compounds such as carbohy-
drates, proteins, peptides and oxygen, the blood-tissue barrier (endothelial tissue)
should be more accessible to penetration in order to ensure facile transport of these
vital entities into the tissue cells (Figure 2.12).
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Therefore, the endothelial cellular network is a more “loosely ” bound and porous
cellular network in comparison to the epithelial layer. Agents circulating in the blood
may extravasate out into the tissue by passive diffusion through these pores, which
are permeable to nanosize molecules e.g. small proteins, lipids, saccharides etc. As
cell surfaces are negatively charged and both epithelia and endothelia is built up by
cellular networks, the epithelial as well as the endothelial tissues have negatively
charged surfaces, and interaction with e.g. cationic or anionic dendrimers may to a
large extent be governed by electrostatic forces.

For most applications like transfection of drugs or gene delivery into cells, the
transfection efficacy, i.e. transmembrane permeability, of the gene- or drug carrier
should be high. However, for dendrimeric drugs or drug carriers, which have to stay
in circulation for the time needed to have the desired effect, the clearance of the
organism should not be too fast. In order to investigate the potential of dendrimers
as drug- or gene carriers and the use of dendrimers as scaffolds for MR-contrast
agents, numerous studies have been carried out in vitro concerning the permeability
of these adducts across various membranes. These investigations are, despite repre-
senting a greatly simplified picture, important tools in the understanding of the bio-
logical fate of a certain drug (vide infra) (Figure 2.13).

Transcellular and intracellular permeability: For drugs or genetic material to be
delivered into the cytosol or cell-nucleus, transmembrane transport is an important
factor. As macromolecules, in general, do not have ability to be transported by the
transport channels present in cell walls used in the in- or outflux of substrates to and
from the cell, the transport across the cell membrane should preferably be by the
formation of endosomes, to ensure transport of the substrate or drug into the cell
without cell-lysis. As mentioned previously, amino-terminated cationic dendrimers
of both PAMAM and PPI type complexed with DNA are less cytotoxic compared to
uncomplexed dendrimers. The dendrimer–DNA complexes penetrate the cell mem-
brane via endocytosis, posing a less membrane disruptive and cytotoxic path com-
pared to that of “hole formation”.12 Investigations on the ability of PPI dendrimers
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to act as good DNA transfectants show that the best transfection efficacy is obtained
by the lower generation dendrimers G2-PPI being most potent.35 This may be
explained by the larger flexibility of the lower generation PPI dendrimers compared
to the higher generations as well as their higher ability to pass the cellular mem-
brane via endocytosis in comparison to the higher generation dendrimers, which
have higher tendency to form holes in the membrane. For PAMAM dendrimers, the
permeability of dendrimer–DNA complexes may also be greatly improved by
increasing the flexibility of the dendrimer by fragmentation.37,38 These partly frag-
mented dendrimers have a larger molecular flexibility to form tight complexes with
DNA. In addition, this flexibility gives better possibility to get into close contact
with the cell membrane, in contrast to intact dendrimers, which have a more rigid
spherical structure.

Moderate amounts of β-cyclodextrin (β-CD) added to G6-PAMAM dendrimer–
DNA complexes have also been shown to enhance the transfection efficacy. By the
addition of β-CD, the DNA–dendrimer complex composition is altered leading to
larger permeability of these complexes.44 In general, the spherical shape of den-
drimers is not ideal for permeation through cell membranes because of the limited
ability to get in close contact with the membrane. This is because of limited flexi-
bility and because the formation of supramolecular dendrimer aggregates may lead
to membrane-disruptive interactions instead.

Polylysine dendrimers complexed with DNA can obtain enhanced cell membrane
permeability by PEGylation of the dendrimer surface.27 However, the transfection
efficacy of the polylysine dendrimers were lower in comparison to DNA complexes
with the linear polymers, which may be explained from the lower flexibility and
more spherical shape of the dendritic molecules. These results oppose the expecta-
tions that polylysine dendrimers would perform better as transfection agents owing
to their higher cellular uptake in comparison to e.g. PEI polymers or DOTAP, and the
authors conclude that the cellular uptake of the transfectant is not the limiting factor
in gene delivery.27

Modification with lipid chains on the surface of PAMAM dendrimers results in
increased permeation and reduced cytotoxicity compared to the unmodified PAMAM
dendrimers.45 For lysine-containing dendrimers, the incorporation of palmitoyl
chains similarly significantly enhances the ability to transport DNA and genetic con-
structs into human epithelial carcinoma (HeLa) cells and mouse skeletal myoblasts
(C2C12). Complexes of the palmitoylated lysine dendrimer with DNA showed to be
tighter complexed in comparison to the non-palmitoylated lysine dendrimer.46 The
presence of a lipid chain on the dendrimer surface enhances the interaction and pen-
etration through the cellular membranes, and may therefore play a favourable role in
promoting the formation of vesicles during the endocytosis process.

The favourable lipid–cell membrane interaction in the endocytotic DNA uptake,
together with the lower cytotoxicity compared to cationic dendrimer carriers, has lead
to intense investigations on various designs of dendrimers with an incorporated lipid
part. Lysine dendrimers having an amphipathic asymmetrical design have shown
good in vitro properties in transfection of a reporter plasmid (pSVβgal) into hamster
kidney epithelial cells (BHK-21). These dendrimers also showed to be less toxic than
earlier reported dendrimer carriers for plasmid delivery (Figure 2.14).47
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Transepithelial permeability: In order to investigate the migration of a given com-
pound through an epithelium some frequently used in vitro systems will briefly be
mentioned here. The cellular monolayers often consist of Caco-2 (human colon ade-
nocarcinoma) cells or Madin–Darby canine kidney (MDCK) cells, a cellular system
originally derived from male Cocker Spaniel distal renal epithelium, with similar
properties to Caco-2 cells. Both cellular systems have the beneficial properties of
being able to form uniform monolayers bound together by cell–cell tight junctions
within a few days.48 However, these monocellular systems are very simplified mod-
els for the epithelial barrier, consisting of different cells, basal membranes and sup-
porting tissues (mucosal secretion tissue etc.), which varies depending on the type of
epithelial barrier.

To get a more “full” picture of the transport through the epithelial layer in the
intestines the “everted intestinal sac system” is sometimes applied. In this system,
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part of the gut is everted to form a sac, where the flux through the wall (epithelial
layers) of the sac is measured. The complexity of this system in comparison to the
epithelial cellular monolayer may result in diverging results obtained in comparing
these systems. The everted intestinal sac system comprises several different cellular
systems with different permeation properties, whereas the monolayer comprises
only one cell type. Furthermore, several size and charge-specific transport systems
may come into play when applying the everted sac system.

The crossing of a given compound through the epithelium or a cellular monolayer
may proceed by two pathways, the transcellular pathway, in which the compounds
penetrates the cell via endocytosis, or the paracellular pathway where the compound
is transported via the tight junctions between the cells without penetration of cell
membranes (Figure 2.15). The paracellular transport is more sensitive to the molec-
ular dimensions and weight of the polymer, where the larger polymers show a lower
paracellular permeability compared to the polymers having lower molecular weight
and smaller molecular dimensions.49

The molecular migration through the epithelial layer may proceed in two direc-
tions, either from the apical surface, facing the lumen, in direction towards the basal
(or basolateral) surface (A→B), or migration may occur in the opposite way from
the basal to the apical surface (B→A). The A→B permeability should be high for
orally delivered drugs to have a maximum delivery to the organism. However, B→A
pathways may be favoured, when systems like the ABC or D-glycoprotein (D-gp)
efflux transport systems in the intestine come into play. The epithelial layer has, as
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an evolutionary precaution, several efflux systems for the secretion of unwanted
compounds back into lumen by the B→A pathway. The G-glycoprotein diminishes
absorption and oral bioavailability of potential drugs by serving as an efflux trans-
porter, secreting the drug out of the epithelial layer into the gut lumen.

Initial studies performed on Caco-2 cell monolayer as epithelial model showed
that lower generation (G1–G3) cationic PAMAM dendrimers had higher permeabil-
ity in comparison to higher generation dendrimers, which were also hampered by
their increasing cytotoxicity. Generally, the B→A permeability of these cationic
PAMAM dendrimers is significantly higher compared to the A→B permeability;
however, by adding lipophilic compounds e.g. palmitoyl carnitine, the A→B trans-
port through the epithelial cells is significantly increased.

As positively charged polymers have shown enhanced paracellular permeability
via loosing up the intercellular tight junctions it has been rationalised that the per-
meation of these lower generation cationic dendrimers through the epithelium takes
place predominantly by paracellular transport. As a consequence of the ability for
cationic dendrimers to modulate or loosen the tight intercellular junctions, they can
serve as additives to increase the permeability of small molecules like mannitol by
the paracellular route.49

Later studies on the same system revealed that the transport of amino-terminated
PAMAM dendrimers (G3–G5) through the epithelium occurs both by paracellular
and transcellular pathways as the transepithelial permeability decreased when adding
the endocytosis inhibitor colchicine.50 Recent studies on G4-PAMAM dendrimers
using flow cytometry as well as transmission electron microscopy further support the
transepithelial transport of medium generation dendrimers (G4) via a predominantly
transcellular route. These studies show that a significant amount of dendrimer is
found inside the cells during transport, and in addition, the permeability is decreased
by the addition of colchicines.44

In the Caco-2 cell monolayer systems, studies on anionic carboxy-terminated
PAMAM dendrimers (G3.5 and G4.5) show lower A→B permeability compared to
amino-terminated dendrimers.50 The lower permeability of the anionic dendrimers is
in good agreement with earlier findings, showing that anionic compounds like folate
or lactate have significantly lower transepithelial permeability in comparison to
cationic compounds like methylamine, being able to interact favourably with the
negatively charged epithelial surfaces.51 However, investigations show that mid-
generation (G3.5, G4.5.) anionic carboxy PAMAM dendrimers have an enhancing
effect on transepithelial transport of e.g. mannitol by the paracellular pathway. This
indicates that these dendrimers may also have the ability to loosen the intercellular
junctions, however, without being able to cross these junctions.23

The A→B permeability as well as the toxicity profile of the amino-terminated
PAMAM dendrimers could be improved towards significantly higher permeability
and lower cytotoxicity by partial lipidation (lauroylation) of the amino surface
groups with lauroylchloride. As with the unmodified cationic dendrimers, inhibition
or facilitation of penetration was observed by addition of endocytosis inhibitor
or EDTA, respectively. This indicates that transepithelial transport of the lauroyl
dendrimers takes place by transcellular transport, where the lipid chains have a
beneficial effect on the endocytotic cellular uptake.44

Properties of Dendrimers in Biological Systems 51



In contrast, it has been found that non-charged small PEG polymers cross the rabbit
colonic epithelium exclusively by the paracellular pathway, which is in agreement with
the expected non-invasive behaviour of PEG chains towards the cellular membranes.

For drugs having poor A→B permeability or which may serve as substrates for the
P-glycoprotein (P-gp) efflux system, the A→B transepithelial transport has been sig-
nificantly enhanced by covalent conjugation of these drugs to dendrimers.52

Conjugation of the P-gp substrate propranolol (β-blocker used in the treatment of
hypertension) to either unmodified cationic or lauroyl PAMAM dendrimers (G4)
increased the A→B permeability in comparison to non-conjugated propranolol. In
addition to the better permeability, the solubility of the sparingly soluble propranolol
was increased by conjugation to the dendrimer. Non-covalent mixtures of den-
drimers with propranolol did not increase transepithelial permeability of the drug.

A facile renal excretion of dendrimer-based agents out of the body is crucial in
order to apply these macromolecules as scaffolds having minimal toxic effects on the
organism. In vitro studies on the transepithelial transport of amino-terminated
PAMAM dendrimers (G1–G5) in MDCK cells showed that the G5-PAMAM den-
drimer possessed the largest permeability; however, in these studies no clear linear
dependence between the dendrimer generation and permeability was found.48 The
A→B permeability of cationic amino-terminated PAMAM dendrimers across
MDCK cells was shown to follow the order.

G5-PAMAM �� G2-PAMAM ~ G1-PAMAM � G4-PAMAM � G3-PAMAM

When applying the everted intestinal sac system in in vitro investigation of transep-
ithelial transport of dendrimers, somewhat different results are obtained compared to
the “ideal” cellular monolayers. Investigations in vitro using an everted rat intestinal
sac show that the anionic carboxylate-terminated PAMAM dendrimers rapidly cross
into the intestine with a faster transfer rate than cationic dendrimers. The high transfer
efficacy of these dendrimers could make these good potential candidates as building-
blocks in oral delivery systems.53

Extravascular (transendothelial) permeability: In the internal vascular barriers
(endothelia) separating the blood circulation from the surrounding tissue, modulation
of the molecular properties of drugs or drug vehicles is important to ensure a proper
transendothelial transport (extravascular permeability) into the tissue, or in the case of
intravascular drugs a prolonged retention of the drug in the vascular system. The pre-
viously mentioned epithelial layer is the “boundary” against the surroundings and
therefore should be able to exhibit a discriminative uptake of compounds before fur-
ther metabolic processing. In contrast, the vascular endothelia should be permeable to
a large variety of useful agents (e.g. carbohydrates, proteins), which need to be trans-
ported from the blood stream into the surrounding tissues. As a consequence, the
microvascular endothelium cells are not as tightly joined together and contains numer-
ous small endothelial pores with radii of ~5 nm, which makes this “biobarrier” per-
meable to smaller molecules.54 Dendrimers and hydrophilic solutes in general diffuses
through the endothelial wall by “restricted diffusion”, where the larger molecules, due
to their slower translational motion and larger extent of exclusion from the micropores,
experiences longer extravasation times. The three-dimensional conformation of the
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polymer strongly affects the diffusion process through the endothelial wall.
Comparative studies between globular and linear polymers of similar molecular
weight and hydrodynamic volumes generally conclude that the globular polymers will
have slower transendothelial diffusion compared to the linear molecule. Hence the
globular polymers are more dependent on the property of the endothelial pores, such
as pore diameter and homogenicity of the pores. This limits the transendothelial effi-
cacy of globular polymers (e.g. dendrimers) for the use as contrast agents for the
bypassing of diseased endothelia e.g. in tumors, which have a more heterogeneous
porosity in comparison to normal endothelial barriers.55

For amino-terminated cationic PAMAM dendrimers (G1–G5), in vivo studies indi-
cate that the time of transport from the blood vessels into the tissue (extravasation
time) increases with increasing generation and molecular weight of the dendrimer.54

Extravascular permeability:

G1-PAMAM � G2-PAMAM � G3-PAMAM � G4-PAMAM � G5-PAMAM

In the design of MRI (magnetic resonance imaging) intravascular contrast agents, a
delicate balance between extravasation and the ability to be secreted out of the body
comes into play. The extravasation should not be too high in order to give a detailed
visualisation of the vascular system. Consequently, these contrast agents should have
relatively large molecular dimensions to retard the extravasasive (transendothelial)
transport into the surrounding tissues. On the other hand, contrast agents based on
too large molecular scaffolds will be retarded in the renal excretion from body. If the
contrast agent is retained for too long time before clearance from the body, the leak-
age of toxic metal ions from the agent may increase, which is not desirable from a
clinical point of view. However, sometimes fast body clearance of a contrast agent is
desirable e.g. in perfusion measurements based on repeated investigations.

Subtle structural differences in the scaffold of dendrimers of similar molecular
dimensions may affect the blood clearance and excretion profiles quite significantly.
Comparative studies performed between similar-sized dendrimer gadolinium con-
trast agents based on G7-PAMAM (starburst) (192 surface amines) and G7-PAMAM
with an ethylene diamine (256 surface amines) core show that the glomerular filtra-
tion (filtration through the kidneys) proceeded faster with G7-PAMAM (starburst).
This starburst contrast agent experienced a relatively fast clearance (extravasation)
from the blood and renal accumulation in comparison to the PAMAM agent. As the
PAMAM agent is able to bind more Gd (III) per molecule and was retained longer
in the blood stream, this agent visualised the fine blood vessels for a longer time,
which is important for intravascular investigations. On the other hand, as a conse-
quence of higher renal accumulation, the starburst-based agent gave brighter images
of the kidneys in comparison with the PAMAM agent.56

Also, in comparing PAMAM and PPI dendrimers having identical numbers of sur-
face amino groups (and generation), the lower molecular weight PPI dendrimers
have a faster body clearance in addition to a slow extravasation, which makes this
class of dendrimers interesting as scaffolds for contrast agents used in the clinic.

Surface modification of dendrimer-based contrast agents alters the extravasation
profile of the contrast agent. Partial PEGylation of the surface amines of PAMAM
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dendrimer contrast agents prolongs intravascular retention and gives less accumula-
tion in the organs. Opposite to the positively charged terminal amines, the uncharged
PEG chains have a low affinity towards receptors and negative charges on the vas-
cular walls, resulting in a decreased binding to the vascular endothelium and fol-
lowing extravasation.57 In addition to longer blood circulation times, the low affinity
and non-invasive behaviour of PEG also leads to a more rapid excretion through the
kidneys and low accumulation in the organs.

Molecular motifs with low extravascular permeabilities are important tools in the
development of intravascular drugs (thrombin inhibitors etc.) that should be retained
in the blood circulation for a prolonged period. As the extracellular vascular tissue
comprises a large content of negatively charged glycosaminoglycans (GAGs), it has
the ability to bind cationic molecules as e.g. amino-terminated dendrimers, and these
cationic molecules may therefore be important delivery tools for localised delivery
of intravascular drugs at the vascular wall.

As the transendothelial extravasation time increases with increasing molecular
size, dendrimers serving as intravascular pharmaceutical agents should have rela-
tively large molecular dimensions in order to be retained in the vascular system.
Studies ex vivo on a rat carotid artery segment show that G5- and G6-PAMAM (star-
burst) dendrimers partially modified with FITC had much longer intravascular reten-
tion times in comparison to GAG binding peptides.58 The PAMAM dendrimers could
be accumulated in the vascular tissue and retained at the vascular wall for several
days in vivo.59 This ability makes the unmodified higher generation cationic den-
drimers promising delivery agents for the retention of drugs in the vascular system.

In conclusion, some general trends can be setup for the permeability of den-
drimers through the various membranes. In transmembrane transport of den-
drimer/DNA complexes into the cell, there is a correlation between size and the
ability to cross the membrane via endocytosis. Complexes containing low-generation
dendrimers (�G4) penetrate the cell membrane predominantly through endosomal
formation (endocytosis) without compromising the structural integrity of the cell,
whereas DNA complexed with higher generation dendrimers (�G4) lead to a higher
degree of hole formation and lysis of the cell.

Transepithelial transport of dendrimers in monolayers of epithelial cells (in vitro)
shows that cationic dendrimers have larger ability to be transported through the
monolayer than anionic dendrimers (G2.5-PAMAM and G3.5-PAMAM), which
show a very low apical to basal permeability. The poor permeability of the anionic
dendrimers in monocellular systems may be attributed to their disability to get in
close contact with the negatively charged cell walls and intercellular junctions (charge
repulsion), which is crucial in the transport through the epithelial cell layer. The
transport of cationic dendrimers through the cellular monolayers is generation
dependent, the lower generations showing higher permeability compared to higher
generation dendrimers. However, the full picture of generation dependence is blurred
because of the increasing cytotoxicity of the high-generation dendrimers. Small
cationic dendrimers (G1–G3) seem to be transported by both paracellular and tran-
scellular routes, with increasing paracellular transport upon decreasing generation
(size). In contrast, dendrimers of slightly higher generation (G2–G4) is transported
more frequently by transcellular transport. For higher generation cationic dendrimers,
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the transcellular (endocytotic) pathway is hampered by membrane hole formation and
subsequent cell-lysis (cytotoxicity). Both with respect to transmembrane, transcellu-
lar and paracellular penetration, partial modification of the dendrimer surface by lip-
idation greatly improves the permeability and reduces cytotoxicity of the cationic
PAMAM dendrimers proportional to the number of lipid chains introduced.50 The
opposite order of permeability of cationic versus anionic dendrimers shows in more
complex in vitro systems like the everted intestinal sac. Here, the anionic dendrimers
have higher ability to be transported through the epithelial wall, leading to higher
intestinal uptake. This implies that transepithelial transport of dendrimers is not per-
formed only by paracellular and transcellular transport, which require closer contact
with anionic cell walls, but that other factors e.g. anionic specific transport systems
may play a role as well. Also, in this system the lower generation anionic dendrimers
generally have higher permeabilities compared to higher generation dendrimers
(G6.5), which to a larger extent accumulated in the tissue, indicating that this trans-
port is dependent on size and conformation of the dendrimer.

The transport of cationic dendrimers and other molecules through the endothelial
wall happens through size-dependent restrictive diffusion, where the lower genera-
tion dendrimers show higher transendothelial permeability in vivo compared to den-
drimers of higher generation. High-generation cationic dendrimers may due to their
poorer transendothelial permeability be utilised as “stickers” to the vascular walls
and endothelia by ionic interaction between the cationic dendrimer and the anionic
vascular wall. These dendrimeric stickers may be used for retaining drugs in the vas-
cular system. Modification of the dendrimer surface by PEGylation to give a more
non-charged surface decreases the transvascular permeability, achieving longer cir-
culation in the blood system.

2.6 Biodistribution of Dendrimers
The molecular structure and the molecular dimensions of a dendrimer are also impor-
tant factors in how dendrimers distribute in the body. As a rule of thumb, the med-
ically applied macromolecule should have a molecular weight larger than 20 kDa to
act as a blood pool agent, that stays in circulation for a prolonged period. On the other
hand, the molecule should have a mass smaller than 40 kDa to be able to be secreted
through the kidneys, which is the preferred route of secretion.60 Furthermore, the sur-
face of the macromolecule should be compatible with the various bioadministration
approaches. Polycationic species generally could pose a health risk for the organism
because of their cytotoxicity, furthermore caution should be taken in the delivery of
these compounds to the organism, e.g. polycationic compounds administered through
the lungs are known to cause severe lung oedema and high mortality in rats.61 Also,
the nature of the surface group greatly affects the distribution of a dendrimer in the
body. Initial studies on PAMAM (starburst) dendrimers having cationic surface
groups found that this type of dendrimer was predominantly excreted through the kid-
neys to the urine, the high-generation PAMAM dendrimer (G7) being cleared faster
from the body via the kidneys.34 This is in good accordance with the fact that the
molecular conformation of high-generation dendrimers is significantly different from
low-generation dendrimers, and that these large, less-flexible, spherical structures
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have a reduced ability to interact with biological membranes by e.g. extravasation into
tissues, paracellular transport or endocytotic uptake into cells. Later investigations
have revealed that cationic amino-terminated PAMAM and PPI dendrimers are
quickly cleared from the blood circulation, albeit high levels of dendrimer were accu-
mulated in the liver and kidneys after a 4-h period from administration. Also, anionic
PAMAM dendrimers accumulate in the liver. However, these dendrimers have longer
circulation times compared to their cationic counterparts, possibly due to the previ-
ously mentioned poorer transendothelial permeability. Modification of the dendrimer
surfaces with PEG is generally performed to modulate the biodistribution properties
towards longer circulation times (blood half-life), and lower amount of accumulation
in the liver. Long blood circulation times are desirable properties for e.g. contrast
agents, and may also diminish the toxic effects seen upon accumulation in the
organs.60 Several reports indicate that modification of the dendrimer surfaces with
PEG creates dendrimeric agents with diminished side effects such as cytotoxicity and
inflammatory reactions in the body.50,56,57

Polylysine dendrimers having lipid surface groups have been applied
to Sprague–Dawley rats and shown to be predominantly accumulated in the
small and large intestines before migrating to the different organs or cleared from the
body. These types of dendrimers predominantly accumulate in the liver and in
blood.62

As modification of the cationic surface groups on a dendrimer generally leads to
less toxicity, the modification of amino-terminated dendrimers with surface groups
having reduced polarity has been given some attention. Methylation of amino-
terminated PAMAM dendrimers creates an apolar dendrimer surface, which leads to
altered distribution properties in comparison to the unmodified dendrimers, with
high accumulation in the pancreas. It has been suggested that such methylated
dendrimers could therefore serve as pancreas-specific drug delivery devices.34

Other investigations on dendrimers with uncharged surfaces have been carried out
in mice with 3H-labelled G6-PAMAM dendrimers either with unmodified cationic
surfaces or acetylated non-charged surfaces. These studies show that the change in
surface charge alters the biodistribution of the respective dendrimers. The cationic
PAMAM dendrimer to a larger extent deposited in the tissues compared to the
PAMAM dendrimer with a non-charged surface. Fast body clearance was observed
by administration of both dendrimer types. The distribution of the different den-
drimers in the organs was similar to the highest levels found in the lungs, liver and
kidneys, and the lowest levels were found in the brain. Medium levels were found in
the heart, pancreas and the spleen.63

In conclusion, the faster transport of the cationic dendrimers from the blood sys-
tem into the tissues may be rationalised from the higher affinity of the positively
charged molecule towards the vascular wall (vide supra). The body clearance time is
dependent on the molecular size (generation) of the dendrimer. High-generation
cationic dendrimers show fast body clearance, and organ accumulation, whereas
anionic dendrimers differ from the cationic dendrimers in having longer circulation
times. Long circulation times (blood half-lives) are observed with dendrimers hav-
ing anionic or non-charged (e.g. PEGylated) surfaces, because of the lower ability to
bind to the vascular walls for subsequent transport into the tissues.
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2.7 Immunogenicity of Dendrimers
When looking at unmodified dendrimers having amino surface groups, there are
some contradictionary results regarding their immunogenicity. Initial reports on the
immunogenicity of dendrimers showed low or modest immunogenicity of unmodi-
fied amino-terminated PAMAM dendrimers (G3–G7).33,34 However, Kobayashi and
co-workers56 later found some immunogenicity of unmodified PAMAM dendrimers
of similar generation number. Investigation of high-generation cationic PAMAM
dendrimers as well as high molecular weight PEI and polylysine polymers has
shown the ability to activate the complement system (see also Chapter 4). However,
complexation with DNA greatly reduced the complement-activating ability of these
polymers, possibly due to charge reduction.64 PEGylation of the amine surface
groups significantly reduces the immunogenicity of the dendrimer.56 The introduc-
tion of PEG chains generally results in highly hydrated surfaces preventing e.g. pro-
tein denaturation and clothing, which may lead to activation of the immune system.
Interestingly, antiimmunogenic effects may be obtained by partly covering an
anionic PAMAM dendrimer with the carbohydrates glucosamine or glucosamine
6-sulfate (Chapter 4). Such derivatives quench immunogenicity and have an antiin-
flammatory effect on scar tissue formation. This antiinflammatory effect is accred-
ited to inhibition of Toll-like receptor 4 (TLR 4) present on monocytes and following
down-regulation of inflammatory cytokines (e.g. TNFα) which may otherwise lead
to excessive scar tissue formation.65

Studies performed on mice show that amino-terminated PAMAM dendrimers may
work as adjuvants (immunostimulating compounds) when injected together with
ovalbumin.32

In conclusion, dendrimers have varying degrees of immunostimulatory properties
depending on their surface functionalities. As a general trend, the immunogenicity of
unmodified amino dendrimers is low, but seems to increase with increasing generation
of the dendrimer.57,64 The increasing cytotoxicity of the high-generation dendrimers
may also lead to inflammatory responses from the organism, and high-generation den-
drimers have found to activate the complement system in the host. Several surface
functionalities have been found to have a suppressive effect on the immunogenicity
of dendrimers, e.g. PEG, hydroxyls and certain carbohydrates. As we shall see in
Chapter 4, highly immunogenic dendrimers e.g. for vaccines or adjuvants may be
created by introduction of e.g. T-cell epitopes or antigenic peptides as surface groups.

2.8 Summary
The multivalent nature of the dendritic motif is ideal in the amplification of binding
in biological systems dominated by weak binding affinities, e.g. carbohydrate–
protein interactions. In these systems dendrimers, with their ability to expose a
multivalent surface together with a simple molecular structure, are promising build-
ing blocks in e.g. development of vaccines and therapeutics. Several studies on the
polyvalent interactions between dendrimers and various polyvalent receptors show
an amplification of binding affinity that is not only additive, but also synergistic with
a strong increase in binding per binding site of the dendrimeric ligand.
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The biological properties of dendrimers are to a large extent determined by the
nature of the surface groups, opening up for the possibility to specifically tailor the
dendrimers for the desired biological effects. Although being less important, the tox-
icity of the dendrimer scaffold may also play a role on the toxicity of a dendrimer,
where e.g. an apolar scaffold may induce cytotoxicity, although carrying surface
groups that are non-toxic.

Dendrimers with unshielded cationic surface groups (e.g. primary amines) gener-
ally show a generation-dependent high cytotoxicity in vitro, where there is propor-
tionality between cytotoxicity and generation number. Cationic dendrimers are
better tolerated in vivo, where only the high-generation (�G6) amino-terminated
dendrimers seem to pose problems. The biopermeabilities of unmodified amino-
terminated dendrimers are, in contrast to in vitro observations, not very good in vivo.
In vivo administration of high-generation (G7) cationic dendrimers generally results
in accumulation in the organs, and in some cases severe organ damage presumably
due to the high cytotoxicity of these compounds. In addition, the inflammatory
effects of high-generation cationic dendrimers in vivo lead to immunogenic reactions
from the complement system of the host. Whereas the cationic dendrimers alone
may give problems in vivo and in vitro, the charge reduction and/or shielding of the
numerous positive charges by complexation with various substances significantly
reduces the toxicity of this class of dendrimers. This opens up to the use of cationic
dendrimers as carriers for anionic substrates, e.g. DNA. The anionic nature of DNA
disables close contact and penetration of the negatively charged cell membranes,
which is important in therapeutic DNA transfer or gene delivery into the cell. Several
studies show that lower generation cationic dendrimers (�G5) both of PPI and
PAMAM type show good properties as DNA transfectants in vitro and in vivo, and
that the transfection efficacy of PAMAM dendrimers can be improved significantly
by partial fragmentation of the dendrimer.

In contrast to the cationic dendrimers, anionic dendrimers, in most cases, show no
toxicity in vivo and in vitro. This may be rationalised from the fact that charge repul-
sion prevents close contact between the negatively charged cellular membranes and
the dendrimers, avoiding disruptive interaction with the cell membrane and cell-
lysis. In vivo and in vitro results on biopermeability through epithelial and endothe-
lial tissues show good permeability of anionic PAMAM dendrimers, where the lower
generation dendrimers show the highest permeabilities. There are contradictionary
results when going to very simplified monocellular systems (monolayers), which
show a poor biopermeability of anionic dendrimers. However, in these systems,
which lack natural transport systems, the charge repulsion between the dendrimer
and the cell membrane becomes an important factor. In epithelial monolayers, the
anionic dendrimers although not being able to penetrate the wall themselves, show
the ability to increase the permeability of low-molecular compounds, presumably by
loosing up the intercellular junctions. Furthermore, the more non-invasive behaviour
of the anionic dendrimers towards the vascular endothelia results in longer blood cir-
culation times in vivo.

Upon converting cationic dendrimer surfaces to a non-charged surfaces by e.g. lip-
idation or PEGylation, significant reduction in cytotoxicity is observed. Contrast
agents based on PEGylated dendrimers show long blood circulation times together
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with high-excretion rates through the organs, as a result of low surface charge together
with the ability for the PEGylated surface to be hydrated by the surroundings. In
contrast to PEGylated dendrimers, the lipidated dendrimers show good ability to
cross the cell membrane and may constitute a promising class of transfection agents.
The transepithelial transport of lapidated dendrimers takes place predominantly via
the transcellular route, where small PEG-based polymers are transported through the
epithelium by paracellular transport. PEGylation of the dendrimers surface reduces
the immunogenicity of the dendrimer agent significantly, whereas PLL dendrimers
covered with lipid groups show good immunogenic and adjuvant properties.
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CHAPTER 3

Dendrimers as Drug Delivery
Devices

3.1 Introduction
Drug delivery is an important aspect in the formulation of a drug because the proper
choice of delivery system can control the bioavailability, concentration profile and
undesirable side effects (by targeted delivery). Drug delivery is a large field cover-
ing on the one side, the problems of getting a drug into the patient in the simplest
possible way and on the other, how to ensure that a compound for chemotherapy gets
only to the cancer cells targeted. 

The simplest way in terms of being user friendly is of course if the drug can be
taken orally, but this requires that the drug is stable to the conditions (pH, enzymatic
activity, epithelial permeability). Peptide- or oligonucleotide-based drugs (insulin is
a classic example of a peptide drug) will normally be degraded by digestive
enzymes. So in such cases, a suitable drug-delivery system should protect the drug
against degradation as well as ensure that the drug achieves the proper permeability
properties e.g. the ability to pass into the bloodstream. Once inside does not mean
that the problem is solved, because there are a number of natural barriers that may
have to be bypassed. An example, which relates to the topic of this chapter (Section
3.8), is gene therapy. In gene therapy, the DNA needs to be transported into the
nucleus of the target cell, and in order to get there, it has to pass the outer membrane
of the cell, has to survive the nucleases in the cell and should have the ability to get
inside the nucleus. This is not possible without a combined transportation and pro-
tection system which may be a virus or even safer a dendrimer. 

Controlled release is important in cases where it is impossible or impractical to
use normal delivery systems. One example is the use of degradable polymers to
encapsulate a chemotherapeutic drug, where a pad of drug-containing polymer is left
e.g. in the cavity formed after surgical removal of a tumour slowly releasing the drug
and thereby killing any residual cancer cells.1 Another example is the deposition of
contraceptive steroids in fatty tissues giving slow release into the bloodstream and
long-term protection against pregnancy. 

Large dendrimers and polymers both belong to the class of macromolecules, but
they differ in the sense that polymers (including hyperbranched polymers) are
always mixtures of compounds structurally closely related with different molecular



weight, where a dendrimer is a single well-defined compound i.e. monodisperse.
Drug delivery utilising polymers were originally introduced by Ringsdorf,2,3

Kope �cek4 and Duncan.5 The main problem associated with using polymers for drug
delivery is the broad molecular weight distribution often found in polymers, which
in terms can lead to irreproducible pharmacokinetic behaviour. 

Dendrimers and polymers have some properties in common, when considering
drug delivery. Cellular uptake of dendrimers (and polymers) can take place by endo-
cytosis in cells and can thus bring drugs “bound” to the dendrimer into the cell. Both
classes of compounds are also showing the so-called enhanced vascular permeabil-
ity and retention (EPR) effect, which makes dendrimers and polymers attractive for
targeting solid tumours.6 Tumour vasculature has an increased permeability and lim-
ited lymphatic drainage, so this will over time lead to an accumulation of the macro-
molecules in the tumour. However, the remaining of this chapter deals with
dendrimers for drug delivery,7 and for further information on polymers for drug
delivery there is a number of reviews available.8–14

Toxicity and biodistribution of dendrimers are important in medical use of any
drug, and for dendrimers this is highly dependent on the actual structure of the den-
drimer in question.15,16

The concept of dendritic growth leads to the formation of several compartments
in the dendritic molecule, and the size of the compartments depends on the actual
substructural units of the dendrimer. The dendritic structure can roughly be divided
into three parts: (1) a multivalent surface, with a high number of potentially reactive
sites, (2) an intermediate region (“the outer shell”) having a well-defined microen-
vironment giving some protection from the outside by the dendrimer surface, and (3)
a core, in which higher generation dendrimers are shielded from the surroundings,
creating a microenvironment surrounded by the dendritic branches.

Drug delivery with dendrimers can essentially take place by two distinct types of
mechanisms: (1) by in vivo degradation of a drug–dendrimer conjugate, where the
drug is covalently bound to the dendrimer, or (2) by utilising host–guest chemistry
where the drug is present as a guest in the dendrimer, and is released due to changes
in the physical environment such as pH, temperature or simply released by diffusion
out of the dendrimer. 

An in vivo degradation is of course dependent on the presence of suitable enzymes
or on an environment capable of degrading the covalent bonds in question, where the
approach based on host–guest chemistry can be independent of external factors. 

Two other important issues in drug delivery are targeted delivery to a specific type
of cell or controlled release from a depot, which may be present in circulation or imbed-
ded in some suitable tissue. Host–guest based systems are treated first in the following
sections, since they are the most studied dendrimer-based drug delivery systems. 

The host–guest binding can either take place in the cavities of the dendrimer core
(“endo-receptor”), or at the multivalent surface or outer shell of the dendrimer
(“exo-receptor”).

3.2 Dendrimer Hosts
The important questions when dealing with host–guest chemistry in dendrimers are
how to prove the existence of the host–guest complex (and ideally the stoichiometry)
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and how to show where the guest is located in the dendrimer and the binding mode
between the dendrimer and the guest. Some representative techniques that have been
proven useful are: the use of dyes or fluorescent compounds as guest molecules,
using compounds, where the optical properties of the probes are sensitive to the sur-
roundings (pH, polarity, etc.). Nuclear magnetic resonance (NMR) is a highly use-
ful technique for studying dendrimer–drug complexes. Simple 1D experiments,
typically1 H-NMR, can be used for studying the formation of the host–guest com-
plexes to provide information on the stoichiometry of the complex and binding
modes (hydrogen bonding, ion pairing, etc.), while 2D experiments such as NOESY
can give information on the spatial nature of the binding site. The techniques devel-
oped for studying protein structure by an NMR have recently also been successfully
applied on dendrimers giving a structural insight into dendrimers in solution.17,18

3.2.1 Dendrimer Hosts: Non-Specific Interactions with the
Dendrimer Core

Micelles are well-known structures in biological systems. They are formed from
amphiphilic molecules having both a polar and an apolar part, a classical example
being solutions of soap in water. Drug delivery by micellar systems, where the drug
is encapsulated inside the micelle, is well known. But when the concentration of the
micelles gets below the critical micellar concentration (CMC), the system becomes
thermodynamically unstable and drops the payload. 

Dendrimers with an apolar interior structure and a polar surface can be viewed as
unimolecular micelles, but due to their covalent nature they will not have a CMC.
The pioneering work on unimolecular micelles was made by Newkome and co-
workers,19–22 who synthesised and studied the class of compounds called micellanoic
acids (Figure 3.1). A special feature of these compounds is that the dendrimer is
completely based on a carbon–carbon bonded skeleton, which makes them rather
unique among the different families of dendrimers. The encapsulation of hydropho-
bic molecules (e.g. the dyes phenol blue and pinacyanol chloride and simple aro-
matic molecules such as naphthalene and diphenylhexatriene) in these dendrimers
was proven by UV–VIS and fluorescence spectroscopy. Micellanoic acids have
hydrophilic carboxylic acid groups at the surface ensuring solubility in water and a
hydrophobic interior, and these compounds can potentially be used as hosts for sol-
ubilising hydrophobic drugs in water.

A system, where the uptake/release is purely controlled by pH of the surroundings
is the fatty acid-derivatised poly(propylene imine) (PPI)-dendrimers. These com-
pounds behave as unimolecular-inverted micelles and were shown to encapsulate
guest molecules such as rose bengal,23 and a series of anionic dyes could be extracted
from water into organic solvents.24 The extraction process is pH-dependent in the
sense that some degree of protonation of the interior amino groups is necessary before
extraction of the anion takes place. Furthermore, a pH dependence was also found for
extraction of different dyes, and the utility of this was demonstrated by the separation
of rose bengal from fluorescein simply by controlling pH in the aqueous phase.

The number of dye molecules present in the dendrimers depends on the size of the
dendrimer and the guest molecule. In the case of a G5-PPI dendrimer with fluorescein,



only 1–2 dye molecules were encapsulated per dendrimer, whereas in the case of rose
bengal up to 70 dye molecules could be encapsulated. The stoichiometry of the com-
plexes was determined by UV–VIS spectroscopy. The development of such systems
may potentially be useful for depositing polar drugs in fatty tissues. 

Recently, the surface groups were changed from simple fatty acid amides to a
PEG-based structure enhancing the solubility both in water and organic solvents as
well as the ability to complex anionic dyes (Figure 3.2).25 The amides at the surface
of the dendrimer form a hydrogen-bonded shell around the dendrimer and the
hydrogen bonds are protected from the surrounding water by the phenyl groups.
The entire molecule becomes soluble due to the tetraethyleneglycol methyl ether at
the periphery of the benzene rings. The binding of Tetrachlorofluorescein and ben-
gal rose was investigated by UV–VIS, and the structure of the dendrimers in solu-
tion as well as the location of the guests in the complexes were investigated by
small angle X-ray scattering (SAXS). These experiments proved that the guests
were in fact located inside the dendrimers in these complexes and not simply bound
to the surface.
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Figure 3.1 A micellanoic acid for binding of hydrophobic guests such as naphthalene and
phenol blue



Fréchet and co-workers26 have also described a class of unimolecular micelles
based on poly(benzyl ether) dendrimeric network having carboxylate surface groups
(see Chapter 1, Figure 1.6).

These aromatic Frechét-dendrimers are capable of dissolving apolar guest mole-
cules such as pyrene in water. The amount of dendrimer was proportional to the
amount of dissolved pyrene. The host–guest binding is assumed to be mediated π –π
interactions between the electron-rich aryl ether and the aromatic guest. This was
confirmed by the enhanced ability to bind electron-deficient aromatic guests (π
interaction stabilised) and the decrease in binding of an electron-rich guest molecule
(π interaction destabilised due to electron repulsion) compared to pyrene. 

The Fréchet group27 has developed another class of unimolecular micelles based
on a poly(arylalkyl ether) dendrimeric network having polyethylene glycol surface
groups. The reasons for using PEG tails are four-fold: first of all it is a simple way
of increasing the hydrodynamic ratio of the molecule, which is important for con-
trolling the circulation time of the dendrimer. The action of the kidneys can simply
be described as a filter, where excretion of a compound from the plasma is depend-
ent on the actual size of the molecule (the hydrodynamic ratio) (see also Chapter 2).
The interior of the dendrimer is highly apolar, and was found to be suitable for car-
rying the antiinflammatory drug indomethacin with a loading of 11%. Controlled
release was shown in in vitro by dialysis experiments. 

As the inverted micelle, PAMAM-dendrimers with an apolar core (1,12-diamino-
dodecane) bind apolar compounds such as the dye Nile Red. Generation dependence
was found for the binding of Nile Red in water with a decrease in binding on going
to higher (�G4) generation dendrimers (Figure 3.3). Upon increasing the generation
of the dendrimer, the number of carboxylic acid groups at the surface increases, and
this leads to an increasingly polar surface. The dye being highly apolar is thus pre-
vented from accessing the core.28

The use of an internally branched PAMAM-dendrimer for carrying the anticancer
drug fluorouracil has been studied by Jain and co-workers,29 who also investigated the
effect of substitution of the periphery with PEG groups (Figure 3.3). They found a sig-
nificant difference between the amino terminated and the PEGylated dendrimers.
PEGylation was found to reduce the haemolytic activity, increase the loading capacity
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as well as reducing the drug-release rate in albino rats.16 The type of dendrimer that
Jain and co-workers have described is apparently the first example of a dendrimer of
the PAMAM family based on methacrylamides as structural elements. 

Hydroxy-terminated PAMAM dendrimers (Figure 3.4), which are water-soluble
dendrimers, are capable of binding acidic antifungal or antibacterial aromatic com-
pounds.30 Flow microcalorimetry was used to observe the effect upon the growth of
yeast cells. By this technique, the heat evolution from the biological processes was
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monitored showing that inhibition of growth took place, when the dendrimer–drug
conjugate was present in the growth medium, and killing was observed after 24 h if
the concentration of the dendrimer–drug conjugate was sufficiently high (2 mg mL�1).
The dendrimer itself had no inhibiting effect. Although the exact nature of the com-
plex binding between the dendrimer and the guest molecules could not be eluci-
dated, e.g. by NMR, the interactions between the guests and the dendrimer may rely
on acid–base interactions between the acidic guest and tertiary amines present at the
focal points of the dendrimer. The ionic nature of the complex bond is supported 
by the fact that the apolar compound Tioconazole did not form complexes with 
the dendrimer.

Triazine-based dendrimers have been prepared for drug delivery.32–34 The den-
drimers were studied as solubilising agents for the drugs indomethacin, methotrex-
ate and 10-Hydroxycamptothecin. The ability to solubilise pyrene was tested among
the triazine dendrimer and PAMAM, PPI and polyphenyl ether dendrimers that are
common types of dendrimers. The latter has been suggested as a slow-release sys-
tem for indomethacin.27 The triazine dendrimer was comparable with the polyphenyl
ether dendrimer with respect to solubilisation of pyrene in water. This is unexpected,
since triazine is a rather polar heterocyclic compound and therefore quite different
in properties than an apolar polyphenyl ether, however, attractive interactions between
the apolar pyrene and the triazines may be provided by π–π bonding. 
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The drug-delivering ability of the triazine dendrimer was subsequently tested in
vitro as carrier for the drug 1,1-bis(3-indolyl)-1-(p-trifluormethylphenyl)methane in
a cell culture (MCF-7 cells). The conjugate was found to be equally efficient in a
solution of the drug in DMSO, which is a commonly known solvent with a high abil-
ity to transport compounds across membranes.

The in vivo toxicity on liver and kidneys in mice was also investigated, and no toxic
effects were observed in single doses delivered intraperitoneally up to 10 mg kg�1.32–34

Transdermal drug delivery is of general interest, because it is an alternative to oral
administration allowing direct delivery of the drug through the skin into the tissue.
Transdermal delivery of indomethacine has been shown to benefit from a composi-
tion containing PAMAM-dendrimers.35,36 Indomethacine was used as a model drug,
and the highest transportation rates through skin were observed with PAMAM-
dendrimers G4-PAMAM and G4-PAMAM-OH.

PAMAM-dendrimers have also been investigated as ophthalmic vehicles for
delivery of compounds such as pilocarpine, tropicamide (Figure 3.5) and fluores-
cein, all drugs routinely used in ophthalmology for diagnostics.37 This was done with
an in vivo model based on New Zealand albino rabbits. One of the problems with
ocular drug delivery was to increase the residence time in the eye. The PAMAM-
dendrimers tested had OH, NH2 or COOH as end groups, and two differently sized
dendrimers (a G3 and G5) were tested for each type of end group. The dendrimers
having -OH or -COOH as end groups were found to provide better bioavailability
and residence time in the eye than –NH2 terminated PAMAMs. The residence time
was found to depend on the size and molecular weight of the dendrimers, and this
could be a future drug-delivery system for the treatment of ocular diseases. 

A generation 3.5 PAMAM-dendrimer38 conjugated to the well-known anticancer
drug cisplatin acts as macromolecular carriers for platinum. The dendrimer-platinate
gives a slower release of the platinum because the interior of the dendrimer can act
as a ligand for platinum, and complexes of Pt(II) are known to be kinetically very
stable. The dendrimer-platinate also does show higher accumulation in solid tumours
– and lower toxicity – compared to cisplatin.39 This is probably due to the EPR
effect, which is an apparent feature of the dendrimers. The increased permeability
and limited lymphatic drainage lead to an accumulation of the dendrimer-platinate
in the tumour tissue, and consequently a larger local concentration of Pt than possi-
ble with an unbound cisplatin. 

A new family of dendrimers, designed with drug delivery in mind is the so-called
“bow tie” dendrimers6 (Figure 3.6). These are asymmetric dendrimers that consist
of two dendritic wedges having the focal point in common. These structures are
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essentially non-toxic towards MDA-MB-231 cancer cells. A radioactive tracer (125I-
labelled tyramine) was conjugated to these dendrimers via a carbamate linker. They
are biodegradable under physiological conditions due to the structure containing
ester- and carbamate-groups. The biodistribution has been investigated, and high
levels of tumour accumulation were found in mice bearing subcutaneous B16F10
melanoma. The half-life in circulation could be controlled by the length of the PEG
chains on the side of the bow tie.

3.2.2 Dendritic Boxes or Topological Trapping of Guests

The systems described in the previous section are reversible in the sense that the guest
molecule or drug can enter or leave the dendrimer freely depending on the actual
external stimuli. The “dendritic box”,40–46 was the first example of dendrimer-based
host–guest complex, where the guest molecules were physically trapped inside the
dendrimer. They were not covalently bound, but due to the structure of the dendrimer,
the guest molecules could only be released by degrading the shell of the dendritic
host. The original dendritic box was based on a G5-PPI dendrimer modified at the
surface with numerous Boc-protected phenylalanines. In this way, the outer shell was
made denser due to the sterically demanding Boc-protective groups. Guest molecules
of different size, present during the modification of the dendrimer, were encapsulated
in the interior and isolated from the bulk by the densely packed Boc-phenylalanine
surface. The dendrimer could simultaneously bind up to four large guest molecules
(rose bengal) and 8–10 small guest molecules (p-nitro-benzoic acid). Upon selective
acidolysis (formic acid) of the Boc-groups at the surface, the surface shell became
more open and the small guest molecules were allowed to leak from the dendrimer,
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whereas the large guest molecules remained trapped in the core. The large guest mol-
ecules could subsequently be released from the dendrimer by acidolysis of the amide
bonds creating the unmodified dendrimer with a more open surface structure. In the
dendritic box, the interactions between the host and the guest molecule were not tai-
lored to be specific, but more governed by the molecular size of the guest molecule,
and the physical size of the cavities in the host. The concept of the “dendritic box”
could be envisioned for using in stepwise delivery of different compounds differing
sufficiently in size. The use of natural building blocks such as amino acids or peptides
on the dendrimer surface may open to enzymatic degradation of the dendrimer sur-
face. However, the “loading of the gun” cannot be performed on the modified den-
drimer, but has to take place during the synthesis of the box.

Metallic silver has long been known to have antimicrobial activity, and dendrimer-
encapsulated silver nanoparticles in hydroxy-terminated PAMAM-dendrimers have
been shown to slowly release silver, and thereby having antimicrobial activity against
various gram-positive bacteria.47 This system, belonging to the class of dendrimer-
encapsulated metal nanoparticles, is made in two steps from the PAMAM-dendrimer
taking advantage of the ability of the interior amino groups of the dendrimer to form
complexes with metal ions such as Ag�. After loading of the dendrimer with Ag�, a
reducing agent capable of reducing Ag� to Ag is added, and the “silver-bullet” is cast
inside the dendrimer. The dendrimer slowly releases antibacterial Ag� ions.

3.2.3 Dendrimer Hosts: Specific Interactions with the
Dendrimer Core

The preceeding dendrimers did not have specific binding sites, and thus may in prin-
ciple exchange their guests with other guests from the surroundings. Dendrimers
with specifically tailored binding sites could be useful for carrying specific drugs
without having to worry about the dendrimer acting as a non-specific sponge that
might create problems by picking up various biomolecules on its way. Diederich’s
group has created a family of water-soluble dendrimers with specific binding sites,
the “dendrophanes”. The dendrophanes are centered on a “cyclophane” core, and
can bind aromatic compounds, presumably via π–π interactions (Figure 3.7). These
dendritic structures have been shown to be excellent carriers of steroids,48 and may
potentially be used for a controlled release. The stability of the complexes was not
affected by the generation of the dendrimers, and the binding site was found to
favour non-polar compared to polar steroids.

In order to be able to bind more polar bioactive compounds to the core of a den-
drimer, Diederich’s group designed another class of specialised dendritic water-soluble
hosts, the so-called “dendroclefts”.49,50 These dendrimers were centered around an opti-
cally active 9,9�-spirobi[9H-fluorene] core and showed a marked diastereoselectivity
towards recognition of octyl β-D-glucoside over octyl α-D-glucoside.1 The H-NMR
analysis performed on the host–guest complexes showed that hydrogen bonding
between the pyridine carboxamide moieties in the core and the oxygen atoms in the
carbohydrate guest were the major contributions to the host–guest interaction. The
diastereoselectivity was found to increase with increasing dendrimer generation,
probably due to increased hydrogen bonding between the bound carbohydrate guest
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and the alkyl ether oxygen atoms of the dendritic wedges.49 The high stereo selectiv-
ity found in the selection of guest molecules of the dendroclefts make these interest-
ing as systems mimicking the highly specific intake of substrates in enzymes or other
carbohydrate carriers found in nature. A dendrimer with internal binding motifs for
molecular recognition by hydrogen bonding was prepared for specific binding of
imide-containing drugs.51 The “Newkome-system” could bind complementary guests
such as Glutarimide, AZT or barbituric acid. Barbituric acid was found to bind to the
host with a Ka � 70 M�1 in CDCl3 as determined by1 H-NMR (Figure 3.8).

Such a system will however need to be optimised for obtaining higher association
constants, before uses for drug delivery can be envisioned.

3.2.4 Dendrimer Hosts: Non-Polar Interactions with the
Dendrimer Surface Group

Cyclodextrins (CD) are a class of complex cyclic carbohydrates, which have been
extensively studied in supramolecular chemistry due to the combination of availabil-
ity and physical size. They have also found use in biotechnology52 and pharmaceu-
tics.53,54 CDs, which are prepared by bacteria, can be described as “barrels made of
sugar” that have a hydrophilic exterior and a hydrophobic interior. These were first
utilised in connection with dendrimers by Kaifer and co-workers,55 who described a
system based on a cobaltocenium substituted PPI-dendrimer, where the multivalent
binding of β-cyclodextrins (β-CD) could be controlled by reduction of the cobal-
tocenium units (charge �1) to cobaltocene (charge 0). The change in charge results

72 Chapter 3

O

O
O NH

O
O O

O

O

NHO

O

O N
H

O
O
O

N
H

O

O

O
O

N
H

O

O
O

R

R
R

O

N
H

O
O
O

R
R
R

O

HN
O

O
O

R

R

RO

HN
O

O

NHO
O

O O

NH

O O
O

RRR

O
NH

O

O

O
R

RR

O

N
H

O

O
O

R
R

R

O

HN
O

O

O
O HN

O

O
O

R
R
R

O

HN O

OO

R R

O

HN

OOO

R R R

O

O
O
O

N
H

O

O

O
O

N
H

O
O
O

R

R
R

O

N
H

O

O
OR

R
R

O

NHO

OO
R

R
R

O

HN O
O

OO

HN

OOO

R R R

O
HN

OOO
R

R R

O

N
H

O
O
O

R
R

R

O

NH
O

O

O
ONH

O

O

O

R
R
R

O

NHO

OO

R
R

R

O

NH

O OO

R
R

R

O

O
O O

NHO
O

O O

NH

O O
O

RRR

O NH

O OO

RRR

O

NH

O OO

R
R

R

O

NH
O

O
O
O

NHO

O
O

R
R

R

O

NH
O

OO

R
R

R

O

NH

O OO

RRR

O

N
H

O
O

O
O

NH

O
O

O
R

RR

O

NH

O

O
O R

R
R

O

N
H

O

O
O

R

R

R

O

O
OO

HN O

O OO

HN

O
OO

R R R

O
HN

OOO

R R R

O
HN

OOO

R R R

O

HN
O

O

O
O HN

O

O
O

R
R

R

O

HN O
OO

R
R

R

O

HN
O

OO

R R
R

O

HN
OO

OO

HN

O
O

O

R
R R

O

HN

O
O
O

R
R

R

O

H
N

O

O
O

R

R
R

O

OO

O
O

O

O
O

H3C

HO

O
O

O

O

R'

R'

O

O

O

R= COOCH3 or COOH

R'=

R

Figure 3.7 Dendrophanes which are dendrimers born with a specific binding site for steroids



in a drastic change of polarity from being highly polar in the �1 state to highly apo-
lar in the reduced state facilitating binding in the apolar interior of the CD. This prin-
ciple of electroactive drug release could be imagined to be triggered by enzymatic
oxidation, for example, cytochrome P450 in a biological system, and thereby releas-
ing the encapsulated drug (Figure 3.9).

Studies interestingly also show that adamantyl urea substituted dendrimers could
be solubilised in water by the formation of a host–guest complex with β-CD.
However in contrast to the Kaifer system, these are not electroactive, and the den-
drimer is merely a passive carrier of β-CD (Figure 3.9, bottom).56

These two examples show that it is possible to solubilise highly apolar dendrimers
by a formation of host–guest complexes with β-CD. The increased solubility and
stability of the hydrophobic binding between the hydrophobic phase of β-CD and
adamantyl upon binding the CD to the dendrimer may be a driving force for the com-
plex formation. These complexes showed good water solubility and thus may poten-
tially be useful as CD vehicles under physiological conditions.

3.2.5 Dendrimer Hosts: Polar Interactions with the Dendrimer
Surface Groups

The majority of dendrimers has polar groups at their surfaces, typically NH2- or
COOH-groups, create the option of using the dendrimer as either an acid or a base
for salt-formation with a drug. Kannan’s group57 showed that salt formation took
place as expected between an acidic drug such as ibuprofen and PAMAM-
dendrimers of generation 3 or 4 with NH2-groups at the surface. An in vitro release
from the drug–dendrimer complex was much slower when compared to ibuprofen,
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and the complexed drug entered A549 cells much faster than the drug itself. This is
interesting since this is almost the simplest type of system imaginable (a salt between
a polycation and an anion). However such a polycation–anion system will not be spe-
cific in the sense that any anion regardless of its origin could bind to the dendrimer,
and this could give complications if biologically relevant anions were removed
locally. A possible solution to this problem would be to have a system where addi-
tional interactions could provide a specificity for certain types of compounds.

The structure of the end groups of dendrimers such as the PPI-dendrimers consists
of bis(3-aminopropyl)amine, so the dendrimer can be viewed as having a number of
pincers presented towards the exterior. Pincer structures are often used in host–guest
chemistry for construction of hosts. Modification of the surface of PPI-dendrimers
with amides, ureas or thioureas leads to systems, where strong hydrogen bonding
occurs between the amide NHs at the surface. This led to the development of urea-
substituted PPI-dendrimers as hosts for host–guest complexation, where the binding
takes place at the surface of the dendrimer. 

Several types of guest molecules are possible, and one example is the binding of
oxyanions to urea-modified PPI-dendrimers shown by Vögtle and co-workers.58

They showed binding of the biologically important phosphates ADP, AMP and ATP.
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Some selectivity was also observed for the binding of ADP, AMP and ATP, the exact
mode of binding was not investigated, but may rely on ionic interactions between the
basic tertiary amines in the dendrimer and the phosphates in the “AXP” molecules.
The system was also capable of binding pertechnetate, which is an important
radioactive compound used in diagnostics.59

Meijer’s group60,61 utilised urea- and thiourea-functionalised PPI-dendrimers for
binding guest molecules containing a urea-glycine “tail” unit. The guest molecules
interact with the dendritic host by multiple urea (guest)-(thio) urea (host) hydrogen
bonds and ionic interactions between the glycine carboxylic acid and the dendrimer
outer shell tertiary amino groups. It has been suggested that the acid–base reaction
between the dendrimer and guest with subsequent Coulombic attractions, pulls the
guest into the dendrimer, whereas the hydrogen bonding keeps the guest bound to
the host. By the intake of urea guests, the outer shell becomes increasingly crowded
and dense, hence this host–guest motif could provide a non-covalent example of a
dendritic box (Figure 3.10).

As the urea glycine tail is highly similar to the C-terminus of a peptide, it has been
investigated whether the dendrimer could act as a host or carrier for peptides, direct-
ing this “click in” motif towards biological applications. This host–guest motif may
be useful as a pH sensitive drug-delivery system for peptide drugs, otherwise sensi-
tive to proteolytic degradation. The peptide is released upon lowering the pH, as a
result of protonation of the carboxylic acid moiety, strongly diminishing the associ-
ation between the peptide and the dendrimer. It was found that the urea-and thiourea-
modified dendrimers were capable of binding different peptides, regardless of the
bulkiness of the side chains, and that the peptides could be released from the den-
drimer under mild acidic conditions.62 As the dendrimer was able to bind peptides
with different side chain motifs, this would introduce the possibility of using the
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dendrimer as host (“bus”) for several different peptides (“passengers”) simultane-
ously. A pH-dependent drug-delivery system is interesting from a biological point of
view as cellular uptake by phagocytosis gives rise to significant changes in the pH.

The guest motif has been further improved, so that a series of guest motifs cover-
ing a wide range of association constants are now available (Figure 3.10).63

Another system based on hydrogen bonding in Hamilton-receptor functionalised
PPI-dendrimers was described recently by Vögtle and co-workers64 (Figure 3.11).
The association constants determined by1 H-NMR were between 103 and 105 M�1

for different barbiturate guests in a model system. The binding motif of the
Hamilton-receptor has some structural similarity to the pyrimidine bases from DNA
and RNA, and thus it might be possible to develop a oligonucleotide carrier based
on this type of system.

3.3 Covalently Bound Drug-Dendrimer Conjugates
The systems described in the previous sections were all based on non-covalent bind-
ing of the drug to the dendrimer and release could occur by changes in the physical
environment with the exception of “dendritic box” systems. However, the formation
of host–guest complexes may not always be possible or desirable with a given drug
and a dendrimer. A general problem with systems for drug delivery is how to achieve
a sufficiently large payload. This makes dendrimers attractive, because they have a
large number of surface groups, where the drug can be covalently attached, thereby
transforming the drug into a pro-drug.

Dendrimers based on a 1,4,7,10-tetraazacyclododecane core having primary
amines at its surface have been partially modified by acylation with 1-bromoacetyl-
5-fluorouracil to form a labile imide linkage. The binding to a dendritic vehicle may
reduce the toxicity of 5-fluorouracil and allows a slow release. The imide linkage
was shown to hydrolyse under physiological conditions releasing 5-fluorouracil in
vitro65 (Figure 3.12).

In addition to the specifically tailored dendrimer scaffolds, commercially available
PAMAM-dendrimers have been used as platforms for covalent attachment of drugs.
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Degenerative diseases of the colon such as Crohn’s disease and ulcerative colitis can
be treated with 5-aminosalicylic acid (ASA), which acts as a topical antiinflammatory
drug. It is commonly used in the form of the pro-drug sulfalazine, which is reduced by
bacteria in colon to ASA and sulfapyridine. While 5-aminosalicylic acid is not
absorbed in the intestines, sulfapyridine is, and causes side effects such as hypersen-
sitivity reactions in some patients. In order to solve this problem, PAMAM-dendrimers
modified on the surface with ASA pro-drugs have been synthesised and
tested66(Figure 3.13). The conjugates were compared to sulfalazine in a rat model
(male Wistar rats). Release was found to take place in the colon, but the commercial
pro-drug had a significantly faster release of 5-aminosalicylic acid, due to a better
enzymatic cleavage compared to the dendrimer system, so further development of the
dendritic-delivery system is needed.

Steroids are another type of drugs, where it is desirable to control the delivery of the
drug, because they have hormonal activity and may sometimes have serious side
effects. Kannan and co-workers67 have investigated the delivery of methyl-prednisolone
with PAMAM-dendrimers. The construction of a suitable steroid–dendrimer conjugate
presents some problems, because steroids are rather apolar and the few functional
groups present (typically hydroxy groups) have low reactivity, which both have an
effect in the synthesis of the conjugate as well as in vivo, where release can be slow.
This is a natural consequence of the steroid skeleton, which is highly apolar causing
the site of reaction to be less accessible for reaction with polar compounds such as
water. Kannan and co-workers investigated two different PAMAM-dendrimers, a G
3.5 dendrimer with 32 COOH-groups and a G5-PAMAM-OH dendrimer with 64
OH-groups. The attachment of the steroid was done by direct ester formation to the
G 3.5 dendrimer, and with a glutaric acid spacer in the case of the G5 hydroxy-
terminated dendrimer. The small dendrimer was found to carry one methylpred-
nisolone molecule per dendrimer, and the larger G4-dendrimer was found to carry

Dendrimers as Drug Delivery Devices 77

NN

NN

O

OO

NH

H
N

NH

N

N
N

O

O

O

F

H N
N O

O

F

H
O

N

N

N
O

O
O

F

H

N
N

O

O

F
H

O

N
N

N

O

O

O

F

H
N

N
O

O

F

H
O

NN

NN

O

O
O

NH

NHNH

NH

N
N

O

O

O

F

H
HN

N
N O

O

F

HO

NH

N
N

O
O

F

H
O

N

NH

O O

F

H

Imide linkage, labile to hydrolysis

Physiological
 conditions

O
O

Figure 3.12 Structure of 1,4,7,10-tetraazacyclododecane cored dendrimer carrying 5-fluo-
rouracil groups covalently bound to the dendrimer, the 5-fluorouracil can be
released under physiological conditions by hydrolysis of the highly labile imide
linkage



12 molecules per dendrimer. The conjugates were labelled with FITC and the
uptake in A549 human lung epithelial cells was studied with fluorescence and con-
focal microscopy. The conjugates were rapidly taken up, and found to be mainly
localised in the cytosol. The activity of the conjugates was comparable to free
methylprednisolone. 

Amino-terminated dendrimers are attractive for drug conjugates from a synthetic
point of view, because of the well-developed methodology for formation of amides
that has been created in the field of peptide synthesis. However, as previously men-
tioned, the presence of a large number of amino groups at the surface also leads to
toxicity. A possible way of bypassing this problem would be to create hetero-
functionalised dendrimers, with two types of groups bound to the surface: the drug,
which should occupy part of the available sites, and another group, introduced to
reduce the toxicity of the dendrimer after release of the drug. This strategy has been
investigated by D’Emanuele and co-workers,68 who did initial studies on the toxic-
ity of amino-terminated PAMAM-dendrimers on Caco-2 cells. The dendrimers were
either partially acylated with dodecanoic acid or partially alkylated with PEG
groups. A marked reduction in cytotoxicity was observed, and this was ascribed to
shielding of the charge from the remaining ammonium groups on the dendrimers by
the tails added. Subsequently D’Emanuele and co-workers69,70 showed that the mod-
ified dendrimers are internalised by endocytosis in Caco-2 cells. Given the possible
application of dendrimers as carriers for chemotherapeutics as well as the fact that
resistance towards chemotherapy tends to develop and that efflux mechanisms exist,
where at least one seems to involve glycoprotein-P, the question of possible efflux of
dendrimers was addressed. The glycoprotein-P efflux pump is known to be fairly
broad in its range of substrates (see Chapter 2), and one of the known substrates is
propanolol. This compound was conjugated to two G3-PAMAM-dendrimers, a pure
amino terminated and a partially dodecanoylated dendrimer. It was found that the
propanolol conjugates were taken in, but not pumped out of Caco-2 cells.71 This
means that drug–dendrimer conjugates with chemotherapeutics could have much
more potential than being just circulating reservoirs for slow release of the drugs.

In order to obtain a specific cellular treatment, drug vehicles that direct the drug
only to specific cell types can be designed. One example of such cell-specific den-
dritic drug vehicles is a dendrimer derivatised with folic acid (pteroyl-L-glutamic
acid) (Figure 3.14). Folic acid is an important substrate for uptake in cells by the
folate receptor pathway. As the folate receptor is overexpressed in cancer cells, these
folic acid-derivatised dendrimers are taken up by cancer cells preferentially to normal

78 Chapter 3

N
H

O

NN

HO

HOOC

H2N

OH

COOHN
H

O

H2N

Azo-reductase
+

32 32

"ASA"

PAMAMPAMAM

Figure 3.13 G4-PAMAM-5-aminosalicylic acid conjugate investigated by Wiwattanapatapee
and co-workers.66 The linker shown in the figure was based on 4-aminobenzoic acid.
The corresponding derivative from 4-aminohippuric acid was also investigated



cells, making these dendrimers well suited for the cancer-specific drug delivery of
cytotoxic substances.72,73

Recently Baker and co-workers74 described a system based on conjugation of an
antibody with a PAMAM-dendrimer. The antibody had specificity for a surface gly-
coprotein expressed by prostate cancer cells. They showed by fluorescence labelling
that the antibody–dendrimer conjugate was taken up by the cancer cells, and it will
be interesting to see this approach used for targeted delivery of chemotherapy.

3.3.1 Self-Immolative Systems

A self-immolative dendrimer is essentially a dendrimer that has been constructed in
such a manner that it can “self-destruct” and decompose into small pieces upon bio-
logical stimuli. This is interesting because small molecules are easier excreted from the
body via the kidneys. Another interesting aspect is that when the dendrimer disinte-
grates, it may release all the drugs bound to the dendrimer, and thereby creates a high
local concentration. If delivery of a dendrimer–drug conjugate furthermore can be tar-
geted at a specific type of cell, then systems having a “trigger mechanism” capable of
delivering all of their contents could be interesting. The action of such a system would
involve recognition and binding to the desired target, and a subsequent release of the
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conjugated drug molecules giving a high local concentration of the drug. The first
reports of such immolative cascade systems were reported recently.75–77 The first of the
model systems described so far rely on chemical reduction of an aromatic nitro group.
This reaction triggers a cascade of reactions, where the whole dendritic structure falls
apart with a release of the conjugated drug, in this case Paclitaxel (Taxol®) together
with small and relatively harmless molecules (Figure 3.15, top). 

The second model system based on hydrolysis of an ester by penicillin G amidase,
where the hydrolysis induces the complete degradation of the dendritic structure
with simultaneous release of the surface groups, is phenyl acetic acid.78

An alternative system reported cleaves by activation with a catalytic antibody,79

and has shown good properties as delivery system for the anticancer therapeuticals
doxorubicin and camptothecin, in a cell-growth assay with Molt-3 leukemia cells
(Figure 3.15, bottom).

It is clear that these model systems are merely a proof of the concept, and further
development is needed before a new and highly interesting type of drug-delivery
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system will emerge. The concept could provide an important tool for the treatment
of cancer provided that systems triggered by enzymes present in the target cell can
be developed. 

3.4 Dendrimers as Gene Transfer Reagents
As transfection of eukaryotic cells is a methodology for effecting changes in the
genetic material of cells, it has become a valuable tool in molecular biology for char-
acterisation of eukaryotic cells, for studying mutations and regulation processes of
genes or inducing overexpression of desired proteins. 

Curing genetically based diseases by gene therapy is a goal of much interest. The
ideal vector for transfection should apart from high efficiency be non-immunogenic,
non-toxic, either biodegradable or excretable and preferably has a long blood circu-
lation time.

Viruses are nature’s own vehicles for this process, and much effort has been put
into using this machinery provided by viruses for transfection of the cells. However,
at least one case of death in a clinical trial has been reported80,81 and other more tech-
nical problems are associated with the large-scale production and purification of
viruses.82–87

The use of dendrimers for transfection was first reported by the groups of Szoka88

and Baker.89 They used commercial PAMAM-dendrimers, and found that these den-
drimers form complexes with plasmid DNA (also coined polyplexes) capable of
transfecting CV-1, HeLa, HepG2, Rat Hepatocyte, K562, EL-4 and Jukart cells. This
was shown by the expression of the enzyme luciferase that originates from the fire-
fly. The enzyme is easily detected via the light emission observed by an addition of
luciferin to the transfected cells. The ability of PAMAM-dendrimers to form poly-
plexes with DNA was not totally unexpected, since polyamines such as polyethyl-
eneimines are known agents for transfection. There is a clear correlation between the
presence of non-titratable charges in the vector and transfection efficiency. For
example, polylysine dendrimers, which have fixed non-titratable amino groups due
to intramolecular protonisation of the amines by lysine acid residues, are a much
less-efficient transfection agent than polyethyleneimine or a PAMAM-dendrimer.
This leads to the proposal of the “proton sponge hypothesis” by Szoka88 and Behr,90

which postulates that the release of DNA from the DNA–vector complex in the
endosome is due to the buffering properties of the vector leading to an accumulation
of H� and subsequently Cl� in the endosome resulting in an osmotic swelling/lysis
of the endosome (Figure 3.16).

A part of this mechanism for transfection has been proven, the polyplex is taken
into the cell by endocytosis, followed by an osmotic burst of the polyplex-containing
endosome.

Experimental evidence for this mechanism was provided by the groups of George91

and Verkman:92 Eukaryotic cell membranes contain different types of lipids, choles-
terol and proteins, and the properties of the membrane depend on the composition.
Cholesterol is involved in endocytosis.93,94 Cholesterol can be extracted from cell
membranes by treatment with methyl-β-CD, which forms a guest–host complex with
cholesterol. George and co-workers91 investigated the effect of cholesterol removal
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upon transfection of epithelial cells with DNA–dendrimer complexes (polyplexes).
They found that the removal of cholesterol before transfection leads to poor expres-
sion, while there was no effect after transfection. Thus indicating that cholesterol is
involved in the cellular uptake of dendrimers.91

Verkman and co-workers92 devised a clever experiment to follow the uptake of
the polyplex: they labelled a PAMAM-dendrimer, polyethyleneimine and polyly-
sine with the different fluorescent dyes tetramethylrhodamine (TMR), fluoresceine
isothiocyanate (FITC) and 10,10�-bis[3-carboxypropyl]-9,9�-biacridinium dinitrate
(BAC). The fluorescence of TMR is not sensitive to the environment. The fluores-
cence of FITC is sensitive to pH whereas the fluorescence of BAC is sensitive to
the chloride concentration. The vectors were labelled with a TMR label as control
and either FITC or BAC. The DNA–vector complexes were compartmentalised
inside the cell after an uptake. In the case of PAMAM or polyethyleneimine, there
was a faster influx of H� to the endosome than in the case of polylysine. This influx
of H� was followed by a similar influx of Cl� finally leading to an increased
osmotic pressure inside the endosome and lysis with a release of the content into
the cytosol. How the DNA is transported from the cytosol and to the nucleus is not
known. An interesting twist is the results reported by Yoo and Juliano95 reported on
the transfection of HeLa cells with fluorescent PAMAM-dendrimers. They found
that the labelled dendrimer gave a better transfection than the unlabelled. This find-
ing suggests that the use of dendrimers partially substituted with large aromatic
groups might be more efficient. Further support comes from the work by Kono and
co-workers,96 who investigated transfection with PAMAM-dendrimers modified
with leucine or phenylalanine at the periphery. They studied G4 dendrimers and
found that the phenylalanine-substituted dendrimer gave a much better transfection
than the leucine substituted. The “naked” Phe-dendrimer was more toxic than lipofec-
tamine and SuperFect, but the DNA complex had less toxicity while the transfection
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activity was higher than that of lipofectamine and SuperFect. In their initial studies
of transfection with PAMAM-dendrimers, Szoka and co-workers97,98 discovered
that the purity of the PAMAM-dendrimers was of crucial importance: but not in the
normal manner, where higher purity gives better results. The best results were
obtained with defect-containing PAMAM-dendrimers. In order to explain this
observation, the so-called “umbrella-model” was put forward. A defect dendrimer
missing a number of arms in the structure, makes it much more flexible than the
perfect dendrimer. The complex between the DNA and the defect dendrimer under-
goes a much larger conformational change upon protonation than the perfect den-
drimer, and this makes the separation of the DNA from the dendrimer faster in the
case of the defect dendrimer. This phenomenon can be compared to the unfolding
of an umbrella. 

A number of different dendrimers have been prepared and studied as vectors for
transfection, and the following section is a short description of the different den-
drimers that have been used:

PAMAM-dendrimers were the first type of dendrimers, which were found to be of
useful for transfection. Following the pioneering works of Szoka et al.88 and Baker
et al.,89 the company Quiagen developed a commercial transfection system based on
PAMAM-dendrimers.84

Diederich and co-workers99 described a series of amphiphilic dendrimers (Figure
3.17), and compared the transfection efficiency of the compounds with DOTAP 
(a lipid-based transfection agent from Roche), polyethyleneimine and SuperFect 
(a degraded PAMAM from Quiagen). They found that the optimal transfection effi-
ciency was found with the two medium-sized dendrimers 2 and 3, which were both
better than the known compounds tested. However in the presence of the serum,
which has been known to affect transfection efficacy, compound 2 was much better
than compound 3. 

The use of phosphorous-based dendrimers for transfection of 3T3-cells with the
luciferase gene has been investigated by Majoral, Caminade and co-workers.100 They
found some generation-dependence with the dendrimers, with the G4–G6 den-
drimers being somewhat more efficient than G2 and G3. The G5 dendrimer had
lower cytotoxicity and higher luciferase expression than polyethyleneimine, the
transfection efficiency was not affected by the presence of 10% of serum.
Zinselmeyer and co-workers101 compared the transfection efficiency of all five gen-
erations of commercially available polypropyleneimine dendrimers with DOTAP in
the A431 cell line, and found that all the compounds were more or less cytotoxic
with the highest generation dendrimer as the most toxic compound. Interestingly, the
G2 dendrimer was the least toxic compound. It was less toxic than DOTAP and had
comparable transfection efficiency. 

Inhibition of expression of the vascular endothelial growth factor (VEGF)
involved in the development of blood vessels (angiogenesis, see also Chapter 6) was
investigated in the complex formation between a dendrimer and an oligonucleotide
called ODN-1 (sequence: GAGCCGGAGAGGGAGCGCGA) in human RPE, D407
cell line.102 This oligonucleotide had earlier been shown to inhibit VEGF production.
The dendrimer serves two purposes, it should enable transportation of ODN-1 into
the cell and it should protect ODN-1 against nucleases. 
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VEGF is involved in age-related macular degeneration and diabetic retinopathy
causing the slow loss of vision in diabetes patients, both ocular diseases being the
main cause for blindness in the developed countries.102,103

The lysine-based generation 2 and 3 dendrimers used were modified on the 
C-terminal with lipid residues contaning oligopeptides made from 2-aminoalkanoic
acids (2-aminododecanoic, 2-amino-tetradecanoic and 2-aminooctadecanoic acid)
carrying a terminal glycinamide thereby varying the lipophilicity and the charge on
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the dendrimers. The interaction between ODN-1 and the dendrimers were studied by
isothermal calorimetry (ITC), being a highly sensitive method for determination of
stoichiometry as well as association constants for host–guest complexes. The over-
all charge of the dendrimers varied between �4 to �8, and it was found that the
highest ODN-1 to dendrimer ratio (1:6) was obtained with dendrimers having a
charge of 8�and either a C14 or C18-dipeptide as the lipophilic unit. These results
correlated also with the transfection efficiency in cell cultures showing that the
highly positively charged dendrimers are better for transfection. These dendrimers
were tested in a rat model and it was found that the ODN-1–dendrimer complexes
were active and kept their activity for up to two months.

3.5 Summary
Dendrimers are in general useful as a part of the molecular toolbox for drug delivery.
Cellular uptake of dendrimers (and polymers) can take place by endocytosis in cells
and thus brings the drugs imbedded in the dendrimer into the cell. Dendrimers show
the EPR effect, which makes dendrimers attractive for targeting tumours, because
tumour vasculature has increased permeability and limited lymphatic drainage lead-
ing to an accumulation of the dendrimers and their payload in the tumour.

Dendrimers are compartmentalised – it is a consequence of their spatial structure,
and this gives different options in using them for drug delivery. Dendrimers are also
suitable for tagging with molecules, which can bind to specific sites on cell surfaces
making targeted delivery possible. This has been demonstrated with folic acid and
with antibodies. 

Suitably modified dendrimers can be used for transdermal drug delivery, which is
an alternative to the oral administration, allowing direct delivery of the drug through
the skin into the tissue.

Self-immolative dendrimers are a new type of dendrimers, which disassemble into
small components on activation of a built-in trigger. These systems might be a valu-
able tool in future for chemotherapy in combination with a targeted drug delivery. 

Transfection using dendrimers as vectors is an area, where dendrimers already
have found uses, and have proven to be valuable alternatives to the classical trans-
fection strategies. Compared to viruses, which are nature’s own vehicles for this
process, they are much more safe and the toxicity can be controlled and modulated
via the structure of the dendrimer, making dendrimers promising candidates for
future gene therapy. 

To conclude this chapter, dendrimers of different shapes and structures can be
used as drug-delivery vehicles, and many of the results reported so far point towards
dendrimers as an upcoming important class of compounds in the delivery field.
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CHAPTER 4

Dendrimer Drugs

4.1 Introduction
In addition to the ability to carry drugs as described in the previous chapter, den-
drimers can also be synthesised to possess intrinsic biological properties that can be
useful for treatment and other medical interventions. Dendrimers offer a range of
advantages with respect to mediating biological effects in the living organism: (1) a
high degree of molecular definition; (2) versatility of design; and (3) multivalent
presentation of a certain motif. Therefore dendrimers have a surprisingly wide scope
of applications, the possibilities of which have only just been begun to be investi-
gated. Dendrimer drugs are cost efficient, generally being produced by standard
chemical reactions and they allow the use of simple compounds that may work bio-
logically because they are presented multivalently by the dendrimer, and even, by
targeting the dendrimer to the tissue/cell in question can be presented to the target at
a very high local concentration. With dendritic drugs, it is possible to exploit the
multivalency of the dendrimer to achieve an enhanced effect of the drug. The multi-
valent presentation may allow the use of simple compounds that will work biologi-
cally because they are presented in a multivalent fashion, exploiting the synergy
effect (the “dendritic effect”, see Chapter 2) to achieve adequate affinities and bio-
logical potency. This principle has especially been used with carbohydrates where
simple saccharides presented on a dendrimer are able to mimic far more complicated
carbohydrate monomers (vide infra) or may enhance efficiency of binding to a car-
bohydrate receptor significantly.1,2

The so-called “disassembling” dendrimers, also called “cascade release” or “self-
immolative” dendrimers,3–5 are examples of substances that are intermediate between
drugs being carried by dendrimers (Chapter 3) and the dendrimer drugs described in
the present chapter. Such dendrimers comprise a “trigger” that mediates the release of
bioactive unit(s) from the dendrimer and causes the whole dendrimer to fragment.6

This renders the local concentration of the released drug very high and therefore effi-
cient, and the dendrimer fragments are easily cleared by the body thus avoiding the
toxicity of the “naked” dendrimer often seen when using dendrimers as drug carriers.

As for drug delivery, the in vivo use of dendrimer drugs depends on its pharma-
cokinetics, the stability of the molecule, and its non-immunogenicity (if not intended



as a vaccine). Other central challenges for the use and design of dendrimers as drugs
in the living organism include the following:

● to establish the right balance between the desired biological effect and the gen-
eral toxic effect (typically cytotoxicity and haemolytic effects) of the dendrimer;

● to define the optimal size in order for the dendrimer drug to possess the right
binding affinity and spatial dimensions in interactions with receptors and in
order for the dendrimer drug to be able to penetrate the physiological barriers
and cell membranes that are relevant to its desired biological effects;

● to ensure the optimal multivalency in order to achieve the affinity needed for
the drug to interact as desired with its target;

● to render the dendrimer drug soluble in physiological conditions of pH and
ionic strength; and

● to stabilise the dendrimer drug adequately so that it will survive for sufficient
time in the relevant body compartments.

As a generic platform technology, dendrimers allow for all of these points to be
addressed through their flexibility of design.

As discussed in Chapter 2, delivery of dendrimer drugs by the circulatory system
(intravascular delivery) is complicated by non-specific binding to both soluble and
particulate components of the blood. Also, targetting the dendrimer to the site of
action – which may be extravascular – is a major challenge. Moreover, dendrimers
may rapidly be removed from the blood stream, often within an hour.7 It is known
from work with dendrimer-based contrast agents8 (see Section 5.1, Chapter 5) that
PPI dendrimers are more rapidly excreted from the body (through the kidneys) than
PAMAM dendrimers of the same generation and that small cationic dendrimers are
more rapidly excreted by the renal route than larger dendrimers. Cationic dendrimers
(full-generation PAMAM) stayed shorter in circulation than comparable anionic den-
drimers (half-generation PAMAM) and for anionic dendrimers lower generations
were removed from the circulation more slowly than higher generations.7

All of this is of importance for a dendrimer drug to be able to interact with its tar-
get. Dendrimers also have superior membrane penetrating properties and can reach
targets inside cells.9 The ability of dendrimers to interact with membranes can be
utilised in the design of dendrimer-based biocides, but can also be a complicating
factor leading to excessive cytotoxicity as discussed elsewhere in this volume (see
Chapter 2). By the right combination of generation number, solubility and surface
charges these kinds of side effects can be counteracted. Cationic dendrimers are gen-
erally more cytotoxic and haemolytic than anionic dendrimers, and small generation
dendrimers are generally less toxic than higher generations.7

4.2 Antiviral Dendrimers
Viruses work by binding to the host cell surface (adhesion) followed by internalisa-
tion by the cell (penetration/entry), whereafter the virus uses the protein-synthesising
and DNA-replicating machinery of the host cell to multiply itself (viral genome and
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coat). Viruses do not respond to antibiotics, immunity may be hard to come by, espe-
cially when dealing with viruses that attack host cells belonging to the immune sys-
tem (HIV being an important example) and with quickly mutating viruses, and viral
infections often pave the way for other (bacterial) infections by weakening the host
leading to a more severe clinical situation for the infected host.

Dendrimers, which are only a little smaller than most viruses (Table 1.1, Chapter 1)
can be designed to interfere with the virus-to-host cell binding process thereby inhibit-
ing infection at the stage of viral entry as an efficient, early interference with the
infection. The dendrimer can be designed to either bind specific receptors on the host
cell surface or to bind to viral surface components. It can also be built to bind
generally to the virus surface through electrostatic forces (typically anionic den-
drimers). Blockade of receptor binding can be difficult to achieve as several recep-
tors with varying degrees of involvement in adhesion and penetration events may be
involved.

To study the effect of such drugs, model systems are often used, including bind-
ing assays using purified target cells or target cell components and studying the bind-
ing of the virus to this in the presence of potentially inhibiting drugs. This gives
information about the ability of the drug to inhibit the binding of the virus to the cell,
often expressed as IC50, i.e. the concentration of the drug needed to give a 50%
reduction of the maximum binding. Inhibition of infectivity can be studied in cell
culture as can interference with virus in already infected cells which will be of
importance with regard to the ability of the dendrimer drug to be able to treat already
established infections (which is by far the most common real life situation). Finally,
drugs are tested in in vivo models (Figure 4.1).

Antiviral dendrimers working as artificial mimics of the target cell surface are
generally designed with anionic surface groups like sulfonate residues or sialic acid
residues mimicking the acidic carbohydrates present at the mammalian cell surface.
The polyanionic dendritic drug then competes with the cellular surface for binding
of virus, leading to a lower cell-virus infection rate (Figure 4.2). However, as we
shall see in the following chapter, antiviral dendrimers may also be designed having
cationic or neutral surfaces, depending on their mode of action.

Concerning the important first events leading to infection by virus, several types of
drugs have been shown to inhibit adhesion. With herpes simplex virus (HSV) both
polycationic compounds (polyarginine and polylysine)10 and polyanionic com-
pounds,11 including polyanionic dendrimers12,13 could inhibit adsorption of the virus
to cell surfaces; this can be explained by an antagonistic effect either competing with
the virus for a cell-associated anionic receptor structure or by competing with the cell
for a cationic virus component. However, the drug quality of polycationic dendrimers
is hampered by their higher cytotoxicity in comparison to polyanionic dendrimers.7

In a study by Reuter and co-workers,14 sialic acid-terminated dendrimers were
used to inhibit attachment of influenza virus to sialic acid containing glycoproteins
on the surface of the target cells, which are the natural receptors for the influenza
virus haemagglutinin spike proteins on the influenza virion. In the opposite
approach, a target cell lectin was blocked in its binding to virus envelope glycopro-
teins using mannosylated dendrimers to block binding of ebola envelope glycopro-
tein to the dendritic cell C-type lectin.15 The late effect observed in these systems is



probably owing to uptake of the dendrimer into virus-infected cells where it inhibits
virus replication by an unknown mechanism.12,16 There is no evidence of preferen-
tial uptake in virus infected cells as opposed to non-infected cells.

A G3 lysine-derived dendrimer with sulfonated naphthalene groups coupled to the
surface amino groups through an amide bond is a polyanionic dendrimer drug stud-
ied by several groups for interference with virus binding and infection.12,13,17 These
dendrimers inhibit adhesion of HSV in vitro and were also tested unformulated and
formulated in various gels in vivo and provided protection against genital herpes in
mice and guinea pigs for up to 1 h after intravaginal application. Thus, dendrimers
like these offer the possibility of using molecularly defined microbicides in contrast
to the commonly used compounds, which are typically undefined mixtures with
some side effects; although dendrimers may not be superior to drugs in use in this
field, their high definition gives certain regulatory/approval benefits. Formulations
can still be optimised to optimise adhesion (i.e. time of action in situ), pH, etc., but
the results hold promise for the treatment of other sexually transmitted viral and bac-
terial infections like HIV and chlamydia. Early and later stages of virus replication
were both shown to be inhibited in the cell culture model of HSV replication12 using
32-surface group lysine-based dendrimer decorated with 3,6-disulfonyl naphthalene
groups;17 this was evidenced by inhibition of the cytopathic effect of the virus (inhi-
bition of adsorption and entry) in addition to inhibition of DNA synthesis in already
infected cells (late stage inhibition) as shown in a separate experiment. This worked
with both HSV-1 and -2.

These anionic dendrimers were further studied by Jiang and co-workers18 who
investigated chimeric simian/HIV transmission in macaques and its inhibition by a
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topical microbicide containing the same type of polyanionic dendrimer as above.
Animals treated with the dendrimer showed a dose-dependent resistance against
vaginal transmission of the virus with no adverse effects and 5% (50 mg mL�1 den-
drimer) microbicide gels giving 100% protection. Only very high doses (above the
5% range) of the dendrimer exhibited cytotoxicity.

PAMAM dendrimers covalently modified with sulfonated naphthalene groups as
above also showed antiviral activity against HIV. Also, in this case the dendrimer
drug inhibited early stage virus/cell adsorption and at later stages of viral replication
interfered with the reverse transcriptase and/or integrase enzymes.16,19

Dendrimers with non-charged surfaces have also been described as antiviral
drugs; a dendrimer with an amide surface was shown to work as an inhibitor for the
respiratory syncytial virus (RSV) (Figure 4.3). The exact mechanism of action has
not been elucidated in detail, but may rely on hydrogen bonding interactions
between the viral fusion protein and the dendrimer surface groups causing inhibition
of virus binding and, especially, the fusion step following adsorption.20 Even small
alterations at the aromatic residues of the dendrimer decrease the antiviral activity
and viral selectivity, suggesting that other binding modes than electrostatic binding
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Figure 4.2 Schematic showing the interaction of the influenza virus surface receptor (the
haemagglutinin, HA) for sialic acid (N-acetyl neuraminic acid, NaNa−), mediat-
ing entry of the virus through binding to cell-surface glycoconjugates carrying
oligosaccharides terminating in sialic acid (which is a frequent feature of eukary-
otic cell surface oligosaccharides). When the virus neuraminidase (NA) cleaves
off the sialic acid, the cell-surface oligosaccharide does not bind the virus HA
anymore which allows virus “progeny” to leave the infected cell



e.g. π–π stacking could play a role as well.21 Some of these compounds are very effi-
cient having IC50s below 50 nM and inhibiting all types of RSV viruses and also
work in vivo (rats and primates).20

In another approach, a G5 PPI dendrimer was coupled with polysulfated galactose
to yield an inhibitor of HIV-1 as tested by an in vitro cell assay.22 This was expected
to work as an antagonist of HIV-1 binding to the target cells, as 3' sulfated galactosyl
ceramide is known to function as a coreceptor for HIV-1. It was found that, in con-
trast to monosulfated galactose saccharides, the sulfated galactose dendrimer with 64
surface groups inhibited infection efficiently at the same level as sulfated dextran.
Glycodendrimers with a range of different polyamide scaffolds, all terminated with
sialic acid were tested for their ability to inhibit adhesion to red blood cells (haemag-
glutination assay) of different types of influenza viruses and a sendai virus.14

Interestingly, cytotoxicity was inversely correlated with the degree of sialic acid sub-
stitution. Highly sialic acid-substituted dendrimers had a negligible cytotoxicity
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compared to dendrimers with low substitution with sialic acid and linear sialic acid-
polyacrylamide polymers, which were efficient inhibitors of virus attachment albeit
highly cytotoxic. This is in accordance with the general observation that a higher
density of anionic groups leads to lower cytotoxicity.14 They found linear-dendron
copolymers and dendrigraft polymers to be 50,000 times more efficient inhibitors of
agglutination than monomeric sialic acid and 500 times more efficient than the other
dendrimers tested. This suggested that larger, more flexible dendrimers could be
more efficient inhibitors of the relatively big influenza virus (120 nm diameter).
Furthermore, the degree of sialylation or more accurately the number of free amines
in the dendrimer influenced the inhibition – the presence of free amines lowered the
efficiency of inhibition considerably. Partially sialylated, hydroxyl-terminated
PAMAM dendrimers were found not to be able to inhibit virus adhesion. Landers
and co-workers23 brought the principle into use in a murine influenza pneumonitis
model and could show the inhibition of influenza-mediated pneumonitis by sialic
acid-conjugated G4 PAMAM dendrimers, although only the H3N2 sub-type was
inhibited and not the H2N2 sub-type.

An interesting general target cell receptor is the C-type lectin found on the surface
of dendritic cells (not to be confused with dendrimers!) and binding mannose
residues. This lectin is called dendritic cell-specific intercellular adhesion molecule
3-grabbing non-integrin (DC-SIGN). Dendritic cells are important antigen-presenting
cells functioning as early initiators of host immune responses to pathogens.
However, some viruses utilise the C-type lectin as the point of entry into dendritic
cells initiating entry by binding to the lectin by virus surface carbohydrates and
therefore the application of mannosylated glycodendrimers was an obvious choice
as an adhesion/entry inhibiting drug.24 A G3 Boltorn-type (polyester) dendrimer was
used to inhibit entry and the subsequent infection of a pseudo ebola retrovirus car-
rying the ebola envelope glycoprotein into dendritic cells and was shown to be able
to do so at nanomolar concentrations.15 Ebola virus is one of the most lethal
pathogens known. It was first described in 1976 and natural outbreaks have hitherto
been limited to isolated areas in Africa. It causes haemorrhagic fever after infection,
is transmitted by direct contact with infected body fluids and has a mortality rate of
50–90%. There is no specific cure and no vaccine available, and there is a risk that
ebola virus could be used for bioterrorism. A drug for treatment of the acute infec-
tion is therefore of great interest.25

This is also of some general interest as other important viruses, including HIV and
cytomegalovirus (a herpes virus silently infecting a big part of the human world pop-
ulation giving rise to clinical disease in immunocompromised individuals only),
utilise the DC-SIGN lectin to mediate entry into dendritic cells. Thus, drugs that
interfere with the binding of DC-SIGN to its ligands may have many applications.

As mentioned above, in some cases dendrimers inhibit initial attachment of a cer-
tain virus to a cell surface and also have the ability to interfere with later stages of the
infection process, e.g. HIV reverse transcriptase inhibition and HSV late stage repli-
cation.12,16 Genital herpes, where the use of topical drugs is indicated have been inves-
tigated in vitro and in vivo (mice and guinea pigs) and a number of highly anionic
dendrimers carrying sulfonate groups at the surface were shown to protect against
herpes simplex transmission when applied intravaginaly at high concentrations.13
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In conclusion, dendrimers have been designed to interfere with binding and in
vitro infectivity of several viruses and in several cases were found to be able to
inhibit infection efficiently either by inhibiting the binding of the virus to its target
cell directly by binding to either the virus or the cell surface or by binding specific
receptors on the virus surface. In the latter case, virus-type specific variations with
respect to inhibition potential were found e.g. for influenza virus variants. Only a
few reports have been published on in vivo antiviral applications of dendrimers and
all of these have been within the area of topical viruses including herpes and using
the dendrimer in a high concentration as part of a protective adhesive gel for protec-
tion against genitally transmitted virus infections.

4.3 Antibacterial Dendrimers
Traditional antibiotics have served the world exceptionally well in treating and con-
trolling bacterial infections, but with an increasing incidence of antibiotics resistance
among human and animal bacteria, new bacteriocidic drugs are highly needed.26

Among candidates for new types of bacteriocides are a group of natural antimicro-
bial peptides which are found in eukaryotic organisms where they constitute a part
of the innate or non-adaptive immune system, i.e. the defence system that recognises
conserved microbial structures (danger signals) and counteracts microbial pathogens
as a first line of defence.27 A large group of these antimicrobial peptides has been
isolated and characterised, including cecropins, defensins, cathelicidins and prot-
gerins (see e.g. review by Reddy and co-workers28). These peptides share certain
common features: (1) they are relatively small, (2) they are typically cationic, (3)
they have hydrophobic domains distributed to make them amphipathic, and (4) their
mode of action is to interact with and perturb the outer membranes of both gram
negative and gram positive bacteria. Here, the positive charge is thought to play an
important role in mediating the binding of the peptide to the highly negatively
charged bacterial cell surface (which is very rich in acidic phospholipids) and the
amphipathy is thought to drive the membrane perturbation, resulting in pore forma-
tion leading to bacterial cell lysis. One possible mechanism28 is the barrel stave
mechanism in which an aqueous pore is formed by the formation of a bundle of
amphipathic peptides (typically α-helical), hydrophobic faces outwards and inter-
acting with the membrane and the hydrophilic faces lining the central pore, leading
to a leaking cell membrane, resulting in lysis. Another model is the carpet model in
which the monomer peptide binds to the negatively charged phospholipids of the
membrane and then in a cooperative process engulfs a piece of the membrane in the
shape of a mixed membrane/peptide micelle. In contrast to bacterial cells, mam-
malian cells do not show anionic phospholipids on the outer surface of the cell mem-
brane, instead they are positioned on the inner (cytoplasmic) face of the membrane.
This may explain the higher reactivity of cationic peptides and dendrimers with
microbial membranes. The composition of the membrane, i.e. the type of phospho-
lipid buiding up the membrane also plays a role (Figure 4.4).28

Antibacterial dendrimers directed towards lysing bacteria thus have often been
designed to carry cationic surface groups, one important point being to balance the
size of the dendrimer and the number of cationic groups to achieve high activity
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against prokaryotic membranes while keeping eukaryotic cytotoxicity at a mini-
mum. As mentioned above, the outside of eukaryotic cell membranes is generally
less negatively charged than prokaryotic membranes and contain other types of
phospholipids that stabilise the membrane in a different way than found in prokary-
otic membranes. Some of the antimicrobial peptides mentioned above lyse lipo-
somes (artificial, membrane-surrounded vesicles) incorporating typical prokaryotic
phospholipids like phosphatidylglycerol, but do not lyse such liposomes when incor-
porating phosphatidylserine, which is a typical eukaryotic phospholipid.29

While antibacterial dendrimers as a rule are cationic, model studies with anionic
model lipid bilayers in water have shown that both full-generation (amine surface
groups) and half-generation (carboxylate surface groups) PAMAM dendrimers are
membrane disruptive, causing the formation of holes the size of the dendrimer itself
in the membrane, while acetamide-terminated PAMAM dendrimers have no effect
at comparable concentrations.30,31 With real cells, hole formation was accompanied
by the leakage of cytosolic proteins and by the entry of dendrimer molecules into
the cells in an endocytosis-independent patway.31 The importance of surface charge
for the ability to destabilise lipid membranes supports a mode of action (Figure
4.5), involving the displacement of the membrane-stabilising divalent cations found
in biological membranes and extremely important for stabilising such membranes
by neutralising the anionic groups of the membrane (as also discussed by Chen and
Cooper32). Dendrimer-mediated displacement may occur through competition by
the cationic dendrimer for the divalent cations normally bound by the charged,
anionic head groups of the phospolipids or by scavenging the cations in case of
anionic dendrimers.

The normal mode of action would be by the competition mechanism, strongly
favoured by the more heavily negatively charged prokaryotic membranes and solely
involving cationic dendrimers, in a mechanism similar to the action of the well-
described cationic antimicrobial peptides, e.g. the defensins.28 However, defensins
are typically amphipathic molecules, capable of forming membranes pores through
the aggregation into cylindrical “barrels” with hydrophobic outsides that interact
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a) Eukaryotic b) Prokaryotic
    gram negative 

c) Prokaryotic
    gram positive

Figure 4.4 Comparison between the negative charge distribution on the typical eukaryotic
membrane (a) and two common types of bacterial membranes (b, c). For all types
of membranes negative charges dominate, but prokaryotic membranes carry more
negative charges, especially on the outside of the membrane than does eukaryotic
membranes. Encircled minus signs indicate that the negative charge is always
found in the locations depicted, while a minus sign without a circle indicates that
a negative charge may be found in these locations too
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with the lipid parts of the bilayer membrane while maintaing a hydrophilic centre
that is big enough to allow the diffusion of salt and water.28 In contrast, dendrimers
do not seem to depend on compartmentalised hydrophobic domains for their anti-
bacterial effect.

In addition to the positive charge, dendrimers can, however, be designed to con-
tain hydrophobic segments that make them behave like the pore-forming α-helical
defensins. For example, certain types of amphiphilic dendrons self-assemble into
porous supramolecular columns33 and constitute highly membrane-active drugs.

The principal mode of action of such dendrimers is thought to equal that of other
more conventional bacteriostatic quaternary ammonium compounds, i.e. adsorption
of the cationic dendrimer onto the negatively charged bacterial cell surface, diffusion
through the cell wall and binding to the cytoplasmic membrane, followed by disin-
tegration of the cytoplasmic membrane and subsequent lysis and death of the cell.34

Dendrimer polycations combine a relatively small size with a high number of
charged groups (compared to linear polycationic polymers) and are therefore well-
suited to bind strongly and quickly to the bacterial cell surface and may also be able
to penetrate the cell wall. The subsequent lysis of the cytoplasmic membrane is also
affected more efficiently by cationic dendrimers than by small molecule cations.
Finally, dendrimer polycations have a superior ability to complex divalent ions
important for the integrity of the membrane.32,34

Another group of dendrimers employs surface groups that mimics eukaryotic
receptors binding bacteria on cells of various tissue types and in the blood, thereby
inhibiting the first step leading to bacterial infection, viz. adhesion of the bacterium
to host cells/tissues. An important group of such receptors is constituted by eukary-
otic cell surface carbohydrates, e.g. glycosphingolipids and glycoproteins.35,36 Yet,
another group of antibacterial dendrimers is directly binding to, and thereby neu-
tralising bacterial toxins.

As with the viruses (see above), it should be recognised that efficient inhibition of
bacterial adhesion in vitro does not equal being able to prevent infection in vivo; a
substantial problem for in vivo uses of such dendrimers is to direct the inhibiting
dendrimer drug to the site of infection and to the cells targeted by the bacterium in
question. Similar problems of localisation are seen with the other types of antibac-
terial dendrimers mentioned above; to be efficient in vivo they should be directed to
the site(s) of infection. Furthermore, antibiotic drugs should be stable and active at
physiological salt concentrations and show low eukaryotic cell toxicity.

Antibacterial dendrimers carrying cationic surface functionalities like amines or
tetraalkyl ammonium groups include PPI dendrimers functionalised with quaternary
alkyl ammonium groups, which were found to be very potent bacteriocides against
gram positive as well as gram negative bacteria.34 Interestingly, tetraalkyl ammo-
nium bromides were found to be more potent antibacterials than the corresponding
chlorides.34 The dendritic bacteriocides were found to have higher activity than other
hyperbranched polymers including a polymer containing the same number of qua-
ternary ammonium groups with dodecyl alkyl groups as a G4-PPI dendrimer.
Increasing size (and consequently increasing the number of surface cations), on the
one hand, should increase antibacterial activity of the dendrimer, but on the other, at
the same time renders the drug less cell wall penetrating, but the number of surface
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cationic groups was found to be the most important parameter.34 Another parameter
was the chain length of the alkyl group on the ammonium groups and here C10
chains were found to be superior to C8 chains and, especially, longer chains (C12,
C14 and C16). This may reflect that the antibacterial effect relies on the charge and
the hydrophobicity of the dendrimer surface groups, however being too hydropho-
bic, the dendrimer solubility under physiological conditions begins to decrease.

Antimicrobial peptides have also been used in combination with dendrimers in
order to create efficient bacteriocides.37 Tam and co-workers37 used peptide-based
dendrons (all-lysine dendron containing four or eight terminal groups) terminated
with two types of peptides corresponding to antimicrobial consensus peptide
sequences. The two peptides (a tetrapeptide and an octapeptide) did not have any
antimicrobial activity on their own but became broadly active against bacteria and
fungi when conjugated to the tetra- and octameric dendrons, as assayed by a radial dif-
fusion assay. The minimal inhibitory concentration (MIC), which is a standard meas-
ure of the activity of antibiotics against bacteria was determined in this assay. A linear
polymer of the tetrapeptide was also active but not as broadly (i.e. not inhibiting as
many different bacterial species) as the dendrimers and some of the linear polymers
showed reduced solubility, while others showed increased haematotoxicity compared
to the dendritic peptides. Furthermore, the antibacterial activity of the dendrimer pep-
tides was much more protease resistant than the corresponding linear peptides. The
dendrimeric tetrapeptides were almost as active as the octapeptides both on tetra- and
octavalent dendrimers and retained activity also at physiological salt concentrations.
The authors stress that the dendritic peptides are synthesised with fewer steps than the
linear peptides in order to obtain the same number of repeating peptide units.

Drugs working as microbial antiadhesins and microbial toxin antagonists may
also be based on carbohydrates as recognition molecules on the surface of den-
drimers. Dendrimers are useful carriers of carbohydrates as the resulting glycoden-
drimers have adequate binding affinities even when using simple mono- or
oligosaccharides as surface groups, taking advantage of the multivalency/cluster
effect (vide supra) offered by dendrimer presentation.

Polylysine dendrimers having mannosyl surface groups have been shown to
inhibit adhesion of a type 1 fimbriated Escherichia coli to horse blood cells in a
haemagglutination assay and to model glycoproteins (a binding assay with increased
sensitivity as compared to the agglutination assay), making these structures promis-
ing as antibacterial agents.38 E. coli binds to host cells by carbohydrate-specific
adhesins residing on the fimbriae. The dendrimer drug thereby mimics an artificial
cell surface. The best inhibition, 1600 times the inhibition achieved with the free
monosaccharide was obtained with a G4-polylysine dendrimer and a neoglycopro-
tein and efficient inhibition was found to depend on the presence of large numbers
of acessible α-mannose moieties bound to the dendrimer surface either through a
long alkyl chain or through an aromatic group and the presence on the dendrimer of
mannose residues at least 20 nm apart. This corresponds well with the situation for
a glycolipid receptor in a cell membrane where the carbohydrate moiety is in close
proximity to a hydrophobic aglycon moiety and where the binding of two adhesin
molecules situated at the tip of two different fimbria from the same single bacterial
would be spatially possible (Figure 4.6).
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In addition, glycodendrimers have been applied to inhibit the action of soluble,
ganglioside reactive bacterial toxins; for example, the inhibition of two different
enterotoxins both reacting with GM1, from E. coli and Vibrio cholerae, respectively
were studied using G1- and G2-PPI dendrimers equipped with GM1 tetrasaccharide
surface groups coupled to the dendrimer through an aromatic moiety. It was found
that this dendrimer inhibited the binding of the toxin as well as toxin sub-units to a
fibroblast cell line carrying GM1 on their surface. A subsequent study employed 3,5-
di(2-aminoethoxy)benzoic acid-based dendrimers (G1–G3) decorated with lactose,
which were found to react with elevated affinity with the GM1 ganglioside-specific
cholera toxin B-sub-unit (500 times increase for the octamer compared to monomer)
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Figure 4.6 Antibacterial dendrons and dendrimers: top left: antibacterial MAP dendron
D8R4 carrying a tetrapeptide motif 37 in a (K2K)2K construct having four lysine 
α-amino groups and four lysine ε-amino groups available for coupling of an anti-
bacterial peptide. Bottom left: antibacterial dendrimer against E. coli having an
alkyl ammonium surface.34 Right: antibacterial drug against E. coli based on a
polylysine dendron having a highly monnosylated surface38



as revealed by a soluble fluorescence assay.39 Another study on the same bacterial
carbohydrate-binding toxins reported the design of a pentavalent glycodendrimer,
based on the pentavalent binding of these types of toxins to cell surface glycolipids
(GM1 gangliosides), and retaining the geometry of the natural ligands.40 The scaf-
fold used here was not a traditional dendrimer, but rather a coupling to a pentameric
core-linker molecule.40 In all of these studies, the combination of the surface mono-
saccharides with an aromatic substituent in itself leads to an increased affinity for the
receptor. One could envisage such dendrimers used orally as they should block the
interaction of the toxin with epithelial cells within the intestines.40 A dendrimer
designed after similar principles was reported by Nishikawa and co-workers41 to
neutralise shiga toxin produced by E. coli and circulating in the blood stream
(“Super-Twig” dendrimer). This dendrimer featured trisaccharide globotriaosyl
ceramide mimics bound to the surface of a silicon dendrimer with three of these
trimers attached to each of the surface silicon atoms. This dendrimer bound directly
to shiga toxin thereby inhibiting its binding to its natural glycosyl ceramid receptor
and furthermore enhancing phagocytosis of the toxin. In an analysis of dissociation
constants with the toxin, it was found that the whole dendrimer series from G1 (four
glycosyl groups) to a dendrimer constructed from four G2 dendrons (32 glycosyl
groups) has similar binding affinities. There were differences in inhibition potential
of the different constructs, a bi-G2 dendron with 18 glycosyl groups showing the
highest inhibition towards two different shiga toxin types. This was also tested 
in vivo by simultaneous administration of dendrimer and toxin by the intravenous
route and a distance of at least 11 Å between the two trisaccharide clusters was found
to be optimal for its function as an inhibitor in circulation as was the presence of at
least six trisaccharides; also, clustering of three glycosyls on the same silicon atom
was found to be important (Figure 4.7).41

As with the antiviral dendrimers, antibacterial dendrimers have mainly been tested
in vitro, and although a number of studies have shown the ability of antibacterial
dendrimers to work well in inhibiting interaction with eukaryotic target structures,
adhesion to relevant surfaces and growth, such in vitro finding not always correlated
completely with the in vivo requirements. One important in vivo parameter to con-
sider is the immune system, which can aid the dendrimer in removing a pathogen
and/or a toxin (see Nishikawa and co-workers41), but which may also be adversely
reacting by targeting the dendrimer.

4.4 Dendrimers in Antitumour Therapy
Singlet oxygen is strongly damaging to cells and tissues, and in situ formation of
singlet oxygen can therefore be used to damage unwanted cells and tissues. This can
be achieved by irradiation of certain drugs at a defined point in time corresponding to
the desired position of the drug.42 The drug should be non-toxic under non-irradiative
conditions (low “dark toxicity”), thus acting as a prodrug when not irradiated
(Figure 4.8). Dendrimers containing various photosensitisers for the formation of
singlet oxygen in tumour tissues have been described in a few reports only, but con-
stitute a developing field. Dendrimers with 5-aminolevulinic acid photosensitisers at
the surface are promising agents for photodynamic therapy (PDT) of tumourogenic
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keratinocytes,43 and polyaryl ether-based dendrimers derivatised with the photosensi-
tiser protoporphyrin have been evaluated as candidates for the PDT of solid
tumours.44 The protoporphyrin-derivatised dendrimers showed more specific
cytotoxicity than protoporphyrin itself, and the dendrimers were more potent upon
irradiation compared to protoporphyrin, probably due to an antenna effect of the den-
dritic wedges. The dendrimers furthermore showed a 140-fold lower dark-toxicity
than free protoporhyrin, thus avoiding unspecific cytotoxicity.

Dendrimeric molecules have found use as diagnostic reagents for tumour imaging
by magnetic resonance imaging (MRI) and as contrast agents; by varying size and
hydrophilicity and by combining with tumour-targetting antibodies, these com-
pounds can be used for a range of specific imaging purposes45 (see Section 5.1,
Chapter 5). By replacing the tumour-binding substance folate on the surface of a
polyether dendrimer with the folate-analogue methotrexate, Kono and co-workers46

could convert a targetting dendrimer into a potentially therapeutic dendrimer target-
ting folate receptor overexpressing tissue (typically tumours).

Also in treatment of cancer, glycodendrimers constitute an important class of ther-
apeutic molecules, as specific carbohydrate structures may be found on the surface of
cancer cells. One such example being the clinically important T-antigen (Gal β1-3
GalNAc), which is characteristic of certain cancer cell types expressing aberrant car-
bohydrate structures (in particular breast cancer carcinomas). T-antigen has been pre-
sented multivalently by coupling to various dendrimers (e.g.G1–G4 PAMAM47,48).
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Figure 4.7 Shiga toxin-neutralising dendrimer (“Super Twig”) according to Nishikawa and
co-workers.41 The dendrons terminate in trimer clusters of the toxin-binding
Galα1-4Galα1-4Glcβ1 motif and the dendrimer is silicon based
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These dendrimers were investigated with the purpose of producing a drug that would
interact with carcinoma-derived T-antigen-binding receptors to interfere with carci-
noma growth. These types of glycodendrimers reacted in a generation-dependent way
with monoclonal antibodies against the T-antigen with higher generations having
higher affinities. Considering each carbohydrate unit, the multivalent presentation
yielded an approximately 20 times gain in inhibition efficiency towards the antibody,
and the “per unit” efficiency did not increase further after the tetramer stage.47 No
clinical results on using these glycodendrimers for treatment of cancers have been
presented but their use in breast cancer therapy has been advocated (see review by
Roy and Baek49).

4.5 Dendrimers in Therapy of Other Diseases
Drug delivery by dendrimers is an important therapeutic application of dendrimers
and is described in Chapter 3, which also deals with dendrimers as non-viral DNA
transfection agents, also having obvious therapeutic applications (gene therapy, anti-
sense treatment of cancer and virus infections). The use of dendritic drugs to com-
bat bacterial and viral infections is described in Sections 4.1 and 4.2. Here will be
mentioned just a few examples showing that dendrimers may also be used directly
as drugs for therapeutic purposes. These applications are based on the key features
of dendrimers, i.e. their high degree of molecular definition and their derivatisabil-
ity meaning that they can be tailored to suit specific purposes. For example, some of
these drugs work by a targetting action of the dendrimer, others utilise the general
ability of a range of dendrimers to interact with or even penetrate biological mem-
branes and some of them rely on the basic ability of dendrimers to amplify the effect
of a given drug by its multimeric presentation. Also, dendrimers may simply serve
to control solubility and retention in circulation in vivo of the drug in question.

Interesting examples of biologically active peptides for which increased biological
activity has been achieved by a dendritic design are peptides derived from the neural
cell adhesion molecule (NCAM); both an 11-mer (C3), 12-mer (P2) and a 15-mer
(FGL) have been described as having increased biological activity when presented in
a tetrameric dendron based on a multiple antigenic peptide (MAP) lysine core (vide
infra, Section 4.6).50 These peptides have strong effects on neuronal plasticity and
regeneration and especially the FGL-peptide which works as an agonist for the
fibroblast growth receptor seems to have general, neuroprotective effects in models
of neuronal cell death51 and promotes memory functions in a rat model.52

Although no molecular mechanisms have been described to account for the
increased biological effects of these dendritic peptides, the effect is probably due to
the increased affinities observed for the binding of these peptides to their receptors
which may rely on the synergistic dendritic effect described elsewhere in this volume.

Flexibility was considered a key feature of dendrimers designed to react with
RNA in a study describing the interaction of triethanolamin core cationic polyamine
dendrimers with Candida albicans ribozyme RNA.53 This is due to the multiple
structures and sizes of RNA encountered in nature (in contrast to DNA). These den-
drimers could block the enzymatic reactivity of the ribozyme (RNA oligonucleotide
cleavage and splicing reactions). Inhibition efficiency increased with the generation
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(G2–G4) and was dependent on the presence of accessible, primary, tertiary or qua-
ternary amines on the dendrimer surface and attributable to electrostatic interactions.
Direct binding between the dendrimers and the RNA could be demonstrated.
Binding to RNA and blockage of a viral RNA-binding peptide was also demon-
strated by Zhao and co-workers54 using G3 PAMAM and synthetic RNA represent-
ing the small transacting responsive element, which is essential for HIV-1
replication. While these studies employed extracted or synthetic RNA, any in vivo
application of such a method for blocking specific RNA-species would demand the
crossing of cell membranes. This, as described above, is often achievable with den-
drimers and might be combined with peptidic transmembrane transporters as e.g. the
TAT-1 peptide to transport molecular beacon oligonucleotides into cells for subse-
quent binding and labelling of specific RNA species.55

The possibility of targetting dendrimers to certain cells and/or tissues expressing
disease-related molecular motifs often used for diagnostic purposes (see Chapter 5)
can obviously also be utilised to increase the efficiency of treatment with drugs either
carried by a dendrimer (drug delivery, see Chapter 3) or constituted by the dendrimer
itself. The ability of dendrimers to cross cell membranes can be used to target intra-
cellular components. The biggest promise for therapeutic uses of dendrimers may be
within the cancer field where numerous examples of targetting tumours for diagnos-
tic purposes have been described and where it is often possible to define a cancer-
specific, accessible cell surface component that can serve as a target.

4.6 Dendrimer-Based Vaccines
It is beyond the scope of this text to describe the immune system and its stimulation
by vaccines in any detail, but a few terms and basic principles will be explained here
to introduce the reader to the subject area.

Vaccines exploit the ability of the vertebrate immune system to mount an adaptive
response against specific pathogens entering the body, thereby protecting the host
against the given pathogen. Vaccines can be defined as non-pathogenic mimics of
pathogens, used to induce immunity against the pathogen, by injecting or adminis-
tering the vaccine into the host (vaccination). It is a hallmark of the immune system
that it reacts towards and is induced by non-self structures; furthermore, it is stimu-
lated by certain structures perceived as “dangerous” by the immune system.56 Last
but not least, an important component of immunity is immunological “memory”
ensuring that specific immunity is quickly and efficiently reactivated upon infection
with the specific pathogen to which the vaccine was directed. Importantly, in order
for a vaccine to be able to efficiently provoke a desired host immune response, it has
to be mixed with substances that facilitate this process (adjuvants) and/or the vac-
cine has to be modified in order to increase the immunostimulating properties (the
so-called immunogenicity) of the pathogen mimic. Immunogens are the components
of a vaccine towards which the desired immune response is to be directed; an anti-
gen is a substance that will bind an antibody in an antigen-specific way. Some anti-
gens will be immunogens by themselves, but this is not always the case. An antibody
is the active component of humoral immunity, and is constituted by the class of sol-
uble proteins known as immunoglobulins.
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The immunity achieved by vaccination is mediated by humoral factors
(immunoglobulins) and/or cellular actors (T- and B-cells, macrophages, etc.) and is
aided by the complement system and a complicated system of intercellular mediator
proteins (cytokines) controlling both immune and inflammatory responses.
Immunoglobulins are produced by B-cells, while cellular immunity and factors
stimulating B-cells are provided by T-cells. Inflammation is the immediate response
of the tissue towards infection (i.e. invasion of microbial pathogens) or injury and is
characterised by accumulation of fluid and activated cells at the site of the inflam-
mation. Inflammation is thus indicative of tissue destruction.

Most of these reactions involve the binding of soluble components to cell surfaces
and to cell surface receptors. It is important to realise that the immune system,
through a large number of common mediator substances is interacting closely with
other cell-based, responsive systems like the complement system, coagulation sys-
tem, inflammation cascades, etc., each of which can have enormous consequences
for the host. For vaccine development, it is therefore very important to be able to
control unwanted side-effects stemming from aberrant activation of these other host
defence systems. In addition, some types of immune responses, especially those
risking to induce autoimmunity, are also undesirable.

Vaccination remains the most cost-effective way of preventing or even treating
infections. Furthermore, vaccines are finding use as cancer therapeutics and for
deliberately creating autoreactivity in order to control endogenous, undesired
immune and inflammatory reactions.57,58 An efficient vaccine should be highly spe-
cific and highly active i.e. inducing the immune reponses needed quickly, efficiently
(leading to protective host reactivity) with the creation of immunological memory
and without adverse side-reactions. Complete protection against an invading
pathogen normally depends on both T- and B-cell immunity to be induced (Figure 4.9).

It is often desirable to make vaccines highly specific to avoid problems of autore-
activity and other side-effects. This can be done by immunising with a small part (the
so-called sub-unit) of the pathogen, or even a small part of a specific component of
the pathogen, for example, a peptide corresponding to a part of a microbial protein.
However, it is well established that small molecular weight substances (e.g. pep-
tides) are not very immunogenic i.e. no or a weak immune response (including anti-
body formation) is induced upon their injection into a recipient host. This problem
can be overcome by increasing the molecular weight of the substance in question
either by polymerisation (as e.g. “peptomers”59 or by the free radical polymerisation
method of Jackson and co-workers60 using acryloyl peptides), or by coupling it to a
multifunctional, high molecular weight carrier.

As will be seen below, dendrimers have properties of multivalency, size and struc-
tural definition that allow them to be used as building blocks, scaffolds or carriers for
creating efficient vaccine components (immunogens) that will induce a desired and pre-
determined type of immunity in the vaccinated host. Traditionally, carrier molecules
have been non-self (foreign) proteins used to bind small, non-immunogenic antigens
(haptens) to make them immunogenic. Examples include naturally derived proteins as
e.g. ovalbumin, keyhole limpet, haemocyanin, various toxoids, etc.61 In such a con-
struct, immunogenicity is thought to arise due to the multimeric presentation of the
antigen, due to the presence in the carrier protein of T-cell-inducing epitopes and due
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to the size of the complex, crossing the lower antigen size limit of the immune system,
which is around 2–3 kD.56 Also, the carrier protein will supply immunogenic peptides
able to stimulate T-cells that will help in achieving a full-blown immune response (pep-
tides binding the major histocompatibility complex (MHC) which has a restricted
specificity). Finally, it is conceivable that the coupling of conformationally undefined
antigens as e.g. most peptides stabilises their conformation slightly resulting in a more
appropiate immune response. These methods are largely empirical and it is not possi-
ble to predict optimal carriers, conjugation chemistry and carrier–peptide coupling
ratios for desired immune responses. Also, the conjugates are not easily analysable and
have unknown coupling ratios, unkown coupling orientation of the peptide antigen and
they contain impurities consisting of poly- and oligomers of the peptide and the carrier
protein. Finally, naturally derived carrier proteins are not fully chemically characterised
or standardisable and may be expensive.

For the preparation of highly defined, reproducible immunogens, e.g. for human
vaccine uses, other types of carriers are highly desirable, and in this respect den-
drimers have emerged being useful as they can act as multivalent and well-defined
carriers for antigenic substances by coupling of antigen molecules to the surface
functional groups of the dendrimer.
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substance, in this case a dendrimer carrying antigenic moieties (asterisk). First,
the antigen is taken up, processed and presented on the surface to the T-cells of
the immune system by antigen presenting cells (APC). T-cells having binding
activity against the specific antigen in question recognise the antigen presented
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towards the antigen to proliferate and secrete antibody (immunoglobulin). This
results in an antigen-specific propagation of T-cells (Th (helper cells) and some-
times Tc (cytotoxic) cells) and B-cells producing antibodies. Cell–cell signals are
provided by mediator molecules called cytokines



Dendrimers for preparation of efficient, fully synthetic immunogens. Dendrimers
and the processes used for their manufacture allow this multimeric presentation of
antigens with a degree of definition normally reserved for much smaller molecules.
This is of great importance when exploring ways to decrease unwanted side-effect
as e.g. uncontrolled activation of inflammation, and the coagulation and complement
systems. Also and as described elsewhere, dendrimers are very versatile and easily
handled molecules that can be derivatised in a highly controllable manner. Synthetic
vaccines, as opposed to vaccines based on naturally derived molecules or even dead
or attenuated whole pathogens are comparatively stable and robust and thus can be
used under different environmental conditions and can be produced relatively
cheaply. This greatly increases the potential general benefit of vaccines as some of
the most widespread infectious diseases occur in third world countries.56

Dendrimers themselves are generally considered to be non-immunogenic, which is
obviously important for their in vivo uses e.g. as drugs and for drug delivery applica-
tions (see Chapters 3 and 4). However, although the induction of adverse host reac-
tions by in vivo administration of such substances does not seem to have been
explored in any systematic way, some data are available to indicate that this is not
always a negligible problem (see Chapter 2). For example, the complement-activating
ability of DNA–dendrimer complexes has been reported and is clearly a disadvantage
when considering using dendrimer-mediated DNA transfection in vivo e.g. for thera-
peutic purposes.62 This, by contrast might be exploited, in a vaccine context, to
broaden the adjuvanticity of certain DNA sequences (see discussion below). An adju-
vant is a substance that will augment the immune response towards an antigen upon
coadministration into a host of the adjuvant with the antigen. Most adjuvants function
by stimulating immune-related cells unspecifically, and/or by restricting the release of
antigens, prolonging local exposure to the antigen (depot effect).

In most cases, dendrimers may be considered immunological inert scaffolds that
need to be decorated with antigen (normally in a multimeric fashion) and combined
with adjuvant in order to function as a vaccine immunogen.

The MAP system. Most work with molecularly defined immunogens has been
done with the peptide dendron MAP construct. The MAP system was pioneered by
Tam and co-workers63–66 and is by far the most succesful dendrimer type used for
vaccine and immunisation purposes. MAP structures have been used in a large num-
ber of studies for producing peptide-specific antibodies64 and are also being devel-
oped for vaccine use, MAP-based malaria vaccine being in phase I human trials.67–69

MAPs have also been used succesfully for the efficient presentation of antigens for
the detection of antibodies, at the same time increasing the antigen concentration 
and density on a surface and supporting the structure of such antigens allowing the
detection of low-affinity antibodies (see also Chapter 5 for dendrimer amplification
of bioassays).70

The MAP construct has the advantage of being conceptually and practically sim-
ple as the dendron carrier (the MAP “core”) is composed solely of amino acids (typ-
ically lysine) and can be synthesised by conventional solid-phase peptide synthesis,
and as the antigenic peptides coupled to the carrier can be synthesised directly on the
carrier by conventional chemical methods. The method, however also allows conver-
gent synthesis, also called segment coupling of antigenic moieties, which may
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include substances other than peptides (Figure 4.10). The design aims to achieve the
highest possible degree of multimericity in the smallest possible space (high-density
multimer), which is claimed to ensure optimal immunogenicity and furthermore sta-
bilises the structure of the attached peptides, assures absence of interference from
non-relevant epitopes in the carrier and provides a sufficiently high molecular weight
to ensure immunogenicity (typically �10 kD) (see reviews by Haro and Gomara,71

Veprek and Jezek,72 Tam,73 Nardin and co-workers74 and Sadler and Tam64). It is evi-
dent that the most simple form of the MAP construct does not provide MHC-
restricted T-cell epitopes to overcome MHC-restriction and also needs adjuvant to
function optimally. Also in some cases, MAPs are not readily soluble in aqueous sol-
vents, forming undefined intermolecular aggregates probably accompanied by
intramolecular collapse of peptide conformations. On the other hand, the aggregate
formation/limited solubility may aid in increasing the immunogenicity of the com-
pound, maybe even partly acting as an adjuvant (vide infra) and allow its survival and
slow “release” in vivo, but on the expense of the definability. A central feature of
MAPs is that they should induce immunity against the cognate protein from which
the peptides in the MAP have been derived, but this is not always the case which illus-
trates that the antigenic peptide part of MAPs does not always attain a structure sim-
ilar to the native structure of the peptide in the cognate protein,70 although the
stabilisation of native peptide structure has been directly shown by spectroscopic
methods with some peptides (e.g. an amphipathic peptide in a tetravalent MAP75).
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To ameliorate some of these drawbacks, a number of different variants of the basic
MAP construct have been reported, including MAPs comprising defined mixtures of
B- and T-cell epitopes,76 either synthesised by stepwise peptide synthesis on the
branches of the MAP or by segment coupling of peptide fragments by various methods64

and also including lipid-containing MAPs (simple lipids, lipid core peptides
(LCPs),77,78 tripalmitate structures79), the lipid serving as a built-in adjuvant (vide
infra). Especially, MAPs with built-in adjuvanticity are interesting as they combine
a high level of definition with an efficient mode of action and as only one type of tra-
ditional adjuvant is allowed for use in humans.

To circumvent MHC-restriction of T-cell activation broadly reactive (“universal”)
T-cell epitopes may be included together with the antigenic peptide of interest (see
e.g. Tam73). This can be done in numerous ways (Figure 4.10), including attaching
the B- and the T-cell epitope in tandem. Cavenaugh and co-workers80 observed that
MAPs restored the immunogenicity of a lysozyme T-cell epitopic peptide to the level
of the same peptide when administered as part of a whole protein (lysozyme) using
fluorescein as the hapten and measuring antifluorescein antibody responses. 
The response was 300-fold observed after immunisation with the monomeric 
T-cell peptide–fluorescein conjugate, and the response towards fluorescein was
almost absent using a Gly18-coupled tetrameric MAP construct. The conclusion is
that MAP multimerically presented T-cell stimulating peptides are far more potent
than equimolar concentrations of linear monomers of the same peptide.

There are also some indications that MAPs owing to their structure have an intrin-
sic ability to overcome at least some types of MHC-restriction73 and even sometimes
can activate T-cells without the presence of T-cell active peptides in the construct as
shown by Olszewska and co-workers81 with peptides from the measles virus fusion
protein. These peptides, when incorporated into an octameric MAP not only induced
high titres of antibodies, but also, importantly, induced antibodies with a high affin-
ity for the peptide and the virus; these antibodies could protect mice against measles
virus-induced encephalitis. This immunogenicity was comparable to that of a linear
construct containing two copies of a universal T-helper cell epitope from measles
virus F protein and a B-cell peptide epitope from the same protein, however, the
MAP construct achieved this without including T-cell epitopes in the construct.
T-cell help was however engaged by the MAP construct by an unknown mechanism
(as inferred from lymphocyte proliferation data). Using cancer-related peptides, Ota
and co-workers82 showed that certain MAPs carrying tumour antigens were
processed in antigen-presenting cells in the same way as antigens derived from intra-
cellular pathogens (e.g. viruses), thereby providing a powerful MHC I-restricted
immune response, including cytotoxic T-cells; interestingly this was achieved with a
MAP not containing lipid moieties (vide infra).

The basic MAP construct is a wedge-like dendron formed by successive generations
of lysine residues acylating the α- and ε amino groups of the preceding lysine residues.
The resulting structure (the MAP core) has an equal number of α- and ε-primary
amino groups that can be coupled to an antigen of interest, typically a synthetic pep-
tide. The most preferred MAP-structures for vaccination purposes are tetra- or
octameric as higher generations tend to cause problems during synthesis (incomplete
acylations), solubility problems of the final compounds with some antigenic peptides
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and do not improve immunogenicity.72,73 The basic strategy employs stepwise solid-
phase synthesis on the resin-bound MAP core for the attachment of antigenic pep-
tides,63 however by using orthogonal protection strategies and/or chemoselective
coupling methods, different types of unprotected peptides may be coupled in a con-
trolled fashion to the same MAP carrier.72,83 This adds to the versatility of the method
and is also helpful with regards to the synthesis, as it is well known that stepwise solid-
phase synthesis is quite prone to interference of acylations by aggregation of the grow-
ing peptide chains during synthesis, especially at high-synthesis densities,84 and as
unprotected segment coupling allows a purification step to be applied before coupling
of the antigenic moieties to the MAP core, facilitating the final purification of the
MAP product. Examples of such chemical methods include coupling of thiol nucle-
ophiles to haloacetylated amines; this could be a cysteine-containing peptide or a pep-
tide thiocarboxylic acid reacting with an α, ε bromoacetylated MAP core, resulting in
thioether and thioester bound peptides (however, it should be noted that thioesters are
unstable at pH 7 and above). As a cysteine residue can be placed anywhere in a syn-
thetic peptides, this allows for freedom in selecting the orientation of the peptide.
Bromoacetylation might be controlled by using selective protecting groups on the 
α and ε amino groups, respectively. Another useful group of reactions is the condensa-
tion of aldehydes (not normally found in peptides) with weak bases under acidic con-
ditions that inhibit the reactivity of side-chain nucleophiles with the weak base; useful
weak bases are hydroxylamine and substituted hydrazine that produce oxime and sub-
stituted hydrazone, respectively, with carbonyl groups. For example, the MAP core
may be decorated with aldehydes by mild oxidation of serine, threonine or cysteine
coupled to the N-termini of the MAP core and then reacted with aminoxyacetylated
peptide to form the oxime or with peptide acylhydrazine to form the substituted hydra-
zone (see Tam73 and Tam and Spetzler83 for a good overview of these chemistries).

A large number of lysine derivatives with orthogonal protection on the two amino
groups are commercially available for constructing MAPs with two or more different
types of peptides. A common goal is to include both a B-cell peptide epitope, stimu-
lating antibody development, and a T-cell epitope, stimulating cellular immunity, as
optimal immunity is normally dependent on both types of activities being present.
Spacers may also be included anywhere in the construct. Finally, cyclic peptides,
showing a further increased structure stabilisation can be incorporated into a MAP
structure85 as used by de Oliveira and co-workers86 for preparing a well-defined four-
valent foot-and-mouth disease virus lipopeptide MAP analysable by HPLC and mass
spectrometry; although the intention was to produce the four-copy construct only, the
three-copy construct was obtained which was thought to be due to steric hindrance in
the segment coupling reaction. It has been noted by others that some commercial
MAP core resins do not yield the valency that they are supposed to.80

By far, most of the reported immunisations with MAP constructs have been per-
formed with traditional adjuvants as e.g. in the work by Moreno and co-workers67 in
which aluminium hydroxide, Freund’s adjuvant and a saponin adjuvant (QS-21) were
tested for the ability to induce antibodies together with a MAP structure containing
Plasmodium falciparum T- and B-cell stimulatory peptides in different species of
monkeys and in mice using subcutaneous administration. This MAP construct was
claimed to be homogenous as judged by HPLC.67 Interestingly, an octameric feline
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immunodeficiency virus (FIV) MAP administered with Freund’s adjuvant led to high
levels of neutralising antibodies, while administration with QS-21, giving rise to anti-
bodies and cytotoxic cellular responses to the immunising peptide did not induce neu-
tralising activity.87 Thus, also for MAPs the formulation and administration regimes
are of prime importance for the response obtained.

The basic MAP construct has been developed further to comprise moieties with
adjuvant activity (self-adjuvanting vaccine delivery system78). This allows immunisa-
tion with MAPs without adjuvants, dramatically broadening the application area and
facilitating their use. Such MAPs constitute truly fully synthetic immunogens with
specific adjuvant characteristics and minimised adverse effects. This is accomplished
by coupling the MAP dendron with a lipid-containing moiety, e.g. the rather compli-
cated tripalmitate-S-glyceryl cysteine structure mimicking gram negative bacterial
membrane components first described by Deres and co-workers79 and simple fatty
acid moieties as palmitic or myristic acids88,65 or amino acids with lipidic side chains
(LCPs77). These structures dramatically enhance the immune-inducing activity of the
peptidic constructs probably by enhancing contacts with membranes of immune cells
and thereby both optimising exposure of the peptide antigens to the immune cells and
at the same time activating the cells to secrete activating substances (cytokines). Lipid
and/or amphiphilic substances are found in most traditional adjuvants and most com-
pounds with general immune-stimulating properties (lipopolysaccharides, phorbol
myristyl acetate, etc.). In addition, lipids may promote the uptake into antigen-
presenting cells (APC) through a pathway leading to the so-called MHC I-presentation,
which is a prerequisite for induction of the so-called cytotoxic T-cells that are crucial
for the combat of intracellular infections including viral infections82 (vide supra).

Examples on the use of lipoaminoacid-containing MAPs (LCPs) include the
tetrameric MAP with 2 � 2 peptides corresponding to different regions of a strepto-
coccal membrane protein, elongated C-terminal with a pentapeptide containing three
lipidic (octyl) side chains.78,89 By subcutaneous immunisation without added adjuvant
this construct led to antibody responses and protection levels similar to immunisation
in the presence of Freund’s complete adjuvant (the most powerful adjuvant known).
LCPs have also been shown to be able to induce cytotoxic T-cells using an ovalbumin
model peptide and were shown to be able to slow down the development of tumours
in a mouse model, provided an additional adjuvant (alum) was used.90 Finally, lipi-
dated MAPs have potential to be used for mucosal immunisation as they are supposed
to be ideally suited to penetrate mucosal membranes, an example being a tetravalent
HVI-peptide lipidated MAP (lipid: tripalmitate structure) that was able to induce IgA
at the mucosa and serum IgG responses by oral delivery, and cytotoxic MHC class
I-dependent T-cell responses by intragastric delivery.91

Iglesias and co-workers92 investigated dimers of B- and T-cell epitope MAP den-
drimers as well as such dendrimers coupled to carrier proteins where the B-cell epi-
topes originated from the highly variable V3 loop of HIV-1 gp120 and the T-cell
epitope originated from tetanus toxoid. Dimeric MAPs were prepared by disulfide
coupling between C-terminal cysteines in the MAPs. It could be shown that the
immune reactivity resulting from immunisations with the MAP–protein conjugates
had a broader reactivity to various heterologous V3 peptides than obtained by immu-
nisation with pure MAP constructs while the immunogenicity was similar. Hepatitis
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B surface antigen was used as the carrier protein. Cruz and co-workers93 also showed
increased cross-reactivity with the same peptides using HBsAg coupled tetrameric
MAPs also containing a tetanus toxoid peptide T-cell epitope (tandem peptide
chimera); however in this case, the coupling to the carrier protein also significantly
increased the immunogenicity.

Baek and Roy94 explicitly claim that multimeric carbohydrate moieties as presented
in glycodendrimers are non-immunogenic, and it is well known that carbohydrates per
se normally show low immunogenicity.56 However, many biologically relevant carbo-
hydrates are interesting targets for protective immune responses, including cancer-57

and virus-specific carbohydrates and bacterial cell surface carbohydrates and therefore
methods to increase the immunogenicity of carbohydrates are very welcome. An
example of a MAP construct for glycoimmunogens is the Tn-antigenic dendrimer
studied by Bay and co-workers95 where a tetrameric core structure is derivatised with
the Tn-antigen and with a Th-cell stimulatory peptide and was shown to react with
monoclonal antibodies against Tn (Figure 4.11). A different version of this, also con-
taining trimeric Tn-building blocks was later shown to be immunogenic,96 and useful
for active immunisation against colon carcinomas in BALB/c mice, using alum as the
adjuvant. As the mono-Tn analogue was less efficient than the tri-Tn analogue and as
a linear analogue containing two tri-Tn moieties was also less efficient, it was con-
cluded that the precise spatial arrangement and clustering of the Tn-epitope was very
important for the immunogenicity. G5-PAMAM (StarburstTM) dendrimers have been
applied as carriers of the Tn-antigen and the resulting glycoconjugates were tested as
vaccine candidates in comparison with a carrier protein (bovine serum albumin)
conjugated to a monomer, dimer or trimer of the Tn-antigen. It was found that the 
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Tn-antigen–dendrimer conjugates elicited no antibody response, and hence no
immunogenicity, whereas Tn-antigen conjugated with a carrier protein or lipopeptide
gave rise to antibody responses. The Tn-dimer lipopeptide conjugate also gave rise to
IgG antibodies.97 G2-PAMAM GlcNAc8 was shown, upon ip or im administration to
mice to result in increases in T-cell activity and an enhanced natural killer cell activ-
ity, and also reduced tumour growth of previously inoculated melanoma cells in
mice.98 GlcNac is not exposed in a terminal, non-reducing position in cell-surface gly-
coconjugates, but certain cancer cells express glycoconjugates terminated with this
monosaccharide. It was shown that an enhanced host-immune reactivity, including
cellular and cytokine factors against the innoculated melanoma cells was induced
upon vaccination. This constitutes an example of therapeutic vaccination against can-
cer inducing an antitumour response.

Other dendrimer-based methods for increasing immunogenicity. Mihov and co-
workers99 investigated the so-called shape-persistent multiple peptide conjugates
composed of polyphenylene dendrimers (confusingly abbreviated PPD, a common
abbreviation for “Purified Protein Derivative” which is a well-known mycobacterial
protein widely used as a carrier protein) onto which polylysine was grafted using
various chemistries; these dendrimers were claimed to be optimal for supporting the
secondary structure of antigenic peptide attached to their surface. The use of these
carriers for immunisation was however not reported.

Other peptide carrier systems, which are not dendrimeric per se but becomes a
dendrigraft structure upon derivatisation with peptides is the peptide carrier by
Heegaard and co-workers88 and the sequential oligopeptide carriers of Tsikaris and
co-workers,100 in which the attachment points for the peptide branches are designed
to space the attached peptides in an optimal fashion supporting structural trends in
the attached peptides. This phenomenon of organisationally induced structure has
previously been demonstrated by Tuchscherer and co-workers101 in the so-called
template-assisted synthetic peptides in which four identical peptides are coupled to
a tetrafunctional, cyclic template, leading to an increased conformational definition
of the peptides, compared to the peptides alone. This has also been demonstrated
with leucine zipper dendrimers where coiled coil structures were formed (vide infra,
Section 4.5).102

McGeary and co-workers103 have prepared carbohydrate-based (glycolipid) den-
drimers as carriers for peptide antigens, utilising the multihydroxyl functionalities of
a single monosaccharide as the basis for multimeric presentation of antigens and
showing the applicability of solid-phase peptide synthesis for this purpose. Although
no actual peptide–dendrimer constructs were synthesised and no immunisation
experiments were done, the use of carbohydrate functionalities for multimeric pres-
entation of antigens is clearly warranted, and the possibility of including such struc-
tures into glycodendrimers (vide supra) for immunogen construction is presented.

Other uses of dendrimers to increase immune activity (adjuvants) or to decrease
immune activity (immunosuppression). The use of dendrimers as adjuvants has been
described by Rajananthanan and co-workers104 comparing two glycolipid-containing
aggregates with a G5-PAMAM dendrimer. As such, the glycolipids of this study were
expected to be much more amphiphilic than the dendrimer, and moreover they were
meticulously formulated with various other components to prepare multimolecular
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complexes with non-covalently entrapped antigen ad modum Iscoms.105 However,
when testing immunogenicity in mice with a standard protein antigen (ovalbumin),
mixing antigen and dendrimer increased the immune response above that seen when
administering the antigen alone, reaching titres in the 105 range being 10 times the
titres reached with the antigen alone. Wright claims that G3-PAMAM and other mid-
generation dendrimers can be used as adjuvants for vaccine purposes when used in a
dilution ensuring low toxicity.106 Generally, adjuvanticity as measured by antibody
titres following immunisation of mice with an influenza antigen adjuvanted with the
dendrimer, increased with increasing generation of PAMAM from G0 to G6.

Baird and co-workers107 investigated various dendrimer (G1, G2 and G3-PPI den-
drimers) constructs for presentation of a hapten (dinitrophenyl, DNP) to mast cell
surface bound IgE with the purpose of inhibiting the interaction of these IgE mole-
cules with the monovalent hapten, without triggering the release of allergic media-
tors (Figure 4.12). This is thought to occur by intramolecular cross-linking of the IgE
molecules (taking advantage of the dendritic (cluster) effect to achieve tight bind-
ing), while intermolecular cross-linking of IgE molecules leads to mast cell activa-
tion and should be avoided. The G1 DNP-decorated PPI (tetramer) showed the
highest inhibition followed by G2 (octamer), while G3 (16 mer) led to activation of
the mast cells (degranulation); probably the bigger size of the DNP G3 PPI enabled
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Figure 4.12 Mast cell surface IgE can be inhibited from binding and being cross-linked by
allergens if a synthetic, non-cross-linking agent, e.g. a moderately sized den-
drimer (asterisks) carrying the relevant antigenic motif is added (top). However,
if the dendrimer inhibitor is too big (bottom), it will cross-link the IgE molecules
and instead initiate an undesired mast cell activation leading to allergic reac-
tions. The IgE is bound to the cell surface by Fcε receptors107



it to create intermolecular cross-links between mast cell surface IgE leading to the
undesired activation of the cell. Also, Shaunak and co-workers108 describe the abil-
ity of G3.5 PAMAM decorated with either glucosamine or glucosamine 6-sulfate
(Figure 4.13) to modulate (inhibit) biological responses; the glucosamine polymer
inhibited Toll-like receptor 4-mediated lipopolysaccharide-induced synthesis of
proinflammatory cytokines and the glucosamine 6-sulfate dendrimer inhibited
angiogenesis and together they prevented scar tissue formation.

To summarise, dendrimers generally have been surprisingly little studied as vac-
cine components and/or immunogen carriers, which is surprising considering the
ideal qualities of dendrimers for this purpose (multimericity, derivatisability, high
definition and high molecular weight). The exception to this is the MAP-type den-
drimers which have emerged from the peptide field63 and which have been specifi-
cally developed for presenting small peptide antigens to the immune system. MAP
cores have later been demonstrated to be good carriers for non-peptidic haptens too
(e.g. carbohydrates97) and to be able to accommodate several different types of pep-
tides at the same time, typically B-cell stimulatory peptides together with T-cell
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stimulatory peptides. Furthermore, convergent strategies for the synthesis of MAP
constructs have been developed73 as has the possiblity of introducing lipid moieties77

as built-in adjuvants.
Dendrimer–DNA complexes have been shown to activate complement as an

adverse effect of using dendrimers as transfection reagents in vivo thereby limiting
their therapeutic potential (see Chapter 2).62 It could be envisioned that this effect
could be exploited to potentiate the recently described adjuvant effect of umethy-
lated, CpG-containing oligodeoxynucleotides (Krieg109) by administering these
compounds together with a dendrimer; this could potentially lead to an increased
effect towards cellular pathogens (complement-mediated lysis).

4.7 Dendrimer Interactions with Proteins.
Solublilisation of Protein Aggregates

Dendrimers are large solutes that given an adequate level of polarity and charge are
soluble in water and exhibit complex interactions with other aqueous soluble bio-
logical molecules like lipid bilayer membranes (see above) and peptides and pro-
teins. In addition to specific interactions with other solubilised biomolecules, some
dendrimers exhibit major effects on the properties of the solvent often in a detergent-
like fashion as will be described below for PAMAM and PPI dendrimers at certain
conditions of pH. Such general solvent effects may also play a role in the specific
interactions of dendrimers with proteins, and especially lipid membranes (see also
Chapter 2).

The litterature on the general interactions between dendrimers and aqueous solu-
tions of proteins is rather limited, but illustrative examples are the reports by
Supattapone and co-workers110,111 and Solassol and co-workers112 on the effect of
dendrimers on the formation and stability of insoluble aggregates of the prion pro-
tein. Also, Ottaviani and co-workers113 reported studies on the interaction of
PAMAM with model proteins.

Prion protein (PrP) aggregates are interesting examples of the consequences of
protein misfolding. Such aggregates are hallmarks of the so-called prion diseases,
which include Creutzfeldt-Jakob’s disease, mad cow disease (bovine spongiform
encephalopathy) and a range of other neurodegenerative, fatal diseases. The very
insoluble aggregates are found in the brains of affected individuals where they pre-
cipitate and are associated with spongiosis, inflammation and neuronal death. PrP
aggregates are composed of an abnormal conformer of the otherwise innoxious prion
protein, and can only be solubilised in aqueous buffers containing both a detergent
and a chaotropic denaturant (as 6 M guanidinium chloride). Misfolded, aggregated
prion protein is identified by its high protease resistance (Figure 4.14). Similar
aggregates, although involving other polypeptides are found in other protein mis-
folding diseases like Alzheimer’s disease, Huntington’s disease and others.

It is therefore of considerable interest also from a medical point of view that cationic
dendrimers were found to be able to solubilise PrP aggregates as first demonstrated by
Supattapone and co-workers.110,111 This was a chance finding based on the fact that the
transfection reagent Superfect (TM, Quiagen), which is a heat-fractured dendrimer,
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used to transfect neuroblastoma cell lines with prion DNA resulted in the absence of
protease-resistant PrP aggregates, while when using other types of transfection
reagents the cells sucessfully synthesised such molecules.110 This lead to the investi-
gation of 14 different polyamines for their ability to perturb the production of aggre-
gated PrP by chronically infected neuronal cell lines in cell culture. The dendrimers
included PPI, PEI and PAMAM dendrimers, and higher generation (�G3) dendrimers
were shown to be the most efficient and the effect was correlated to the number of sur-
face amino groups. PAMAM dendrimers having surface hydroxy groups (PAMAM-
OH) and linear polymers had no or very minor effects only. The effect was seen at
surprisingly low concentrations (7 µg mL�1 or below) and took place with no cyto-
toxicity and was demonstrated in two different systems; first, neuronal cell lines
infected with misfolded prion protein and therefore continuously secreting PrP aggre-
gates could be cured by several dendrimer types, in a dose- and time-dependent way,
– 1.5 µg mL�1 treatment for 1 week removed all aggregated prion protein. Treatment
of the cells with dendrimers caused the protease-resistant form of the prion protein to
disappear and it did not reappear upon removal of the dendrimer. Secondly, dendrimers
could render protease-resistant PrP aggregates in brain homogenates from scrapie RML
(a specific, pathogenic prion strain) infected mice protease sensitive after treatment at
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Figure 4.14 Prion proteins, dendrimers and their analysis. Prion proteins exist in a normal,
non-pathogenic and non-contagious form (PrPC) as well as in a rare, misfolded
form (PrPSc) that causes disease and can transmit from one indvidual to another.
A hallmark of PrPSc is its protease-resistant aggregates. This allows PrPSc to be
detected by antiprion antibodies after protease treatment in contrast to PrPC

which is completely degraded to non-immunoreactive fragments by the protease.
Supattapone and co-workers110,111 discovered that certain dendrimers could ren-
der PrPSc protease sensitive (i.e. PrPC like)



pH�4 using the dendrimer at 60 µg mL�1. PAMAM from and above G3, superfect
(Qiagen), PPI G4 and average and high molecular weight PEI showed such effects.

The dendrimers were speculated to work similarly in both systems which led
Supattapone and co-workers111 to suggest that the action takes place in an acidic
compartment of the cell. However, no direct evidence for this is presented and
another explanation could be that the chronically infected cell lines are far more sen-
sitive to the actions of the dendrimers than the preformed aggregates of brain
homogenates simply because it is a living system and therefore even the minimally
charged dendrimers existing at the neutral pH of the cell culture medium would have
a discernible effect.

It was evident from testing a range of different pathogenic prion strains in brain
homogenates from infected normal hamsters or mice or from infected transgenic
mice that some strains were not sensitive to treatment with dendrimers, while others
were. Interestingly, exposure to a denaturating agent like urea assisted in the disso-
lution of PrP aggregates, rendering some of the resistant strains susceptible to den-
drimers. The pathogenic aggregated prion from mad cow disease (BSE) was much
more susceptible to G4 PPI than scrapie prions (scrapie is a sheep prion disease not
harmful to man).

Thus, the unfolding tendency or ease of unfolding differs between different prion
strains and therefore dendrimers may be designed to target only certain prion strains
whereby dendrimers become of potential use as a means to diagnose infections with
different prion strains. This is of obvious importance when considering that certain
prion infections are zoonotic (i.e. animal infections also infecting humans), while
others are not. 

The findings of Supattapone were reproduced and extended by Solassol and co-
workers,112 using cationic phosphorus-containing G4 and G5 dendrimers with tertiary
amine surface groups (Figure 4.15), which were also found to work at non-cytotoxic
concentrations. In addition to showing the prion curing effect in infected cell lines and
the ability to solubilise prion aggregates in brain homogenates, this work furthermore
shows that Prp aggregate formation could also be inhibited in vivo in the spleens of
mice subjected to aggregated scrapie prion protein injected intraperitoneally and then
injected with dendrimer every second day for 30 days. No adverse effects of admin-
istering these dendrimers to the mice were observed during this period of treatment.
Also, using an in vitro infectivity assay it was shown that dendrimer-treated neuronal
cell lines previously producing infectious prion proteins were not able to infect new
cells. Finally, these dendrimers were found to work well at neutral pH obviously obvi-
ating the need for an acidic cell compartment.

The solubilising effect of dendrimers has been reproduced with prion protein
derived, amyloid fibril forming peptides and it was shown that guanidino derivatised
PPI dendrimers retained the fibril solubilising ability at neutral pH, as opposed to a
non-derivatised (i.e. amino terminated) PPI dendrimer of the same size (G2), sup-
porting that charged surface groups are a prerequisite for the protein solubilising
effect of the dendrimer.114

Ottaviani and co-workers113 studied the interactions of PAMAM dendrimers with
model proteins and found the interactions to involve protonated surface amino
groups and both charged protein surface groups and hydrophobic groups, and a
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direct binding could be demonstrated by physical techniques (electron paramagnetic
resonance spectroscopy).

Zhou and Ghosh102 showed that a dendrimer with four copies of a leucine-zipper
(i.e. amphipathic α-helix forming) peptide was able to form a complex with four
complementary α-helical peptides resulting in a dendrimer displaying four coiled
coil peptide dimers at the surface, also attesting to the ability of dendrimers to inter-
act directly with peptide moieties at its surface.

Supattapone and co-workers111 report that PPI binds directly to the protease-
resistant core of misfolded PrP and a similar binding is reported by Solassol and co-
workers.112 Thus, a direct interaction between these dendrimers and the misfolded
prion protein leading to a dissociation of PrP aggregates could be part of the mech-
anism of the aggregate solubilising effect of cationic dendrimers. It is however also
feasible that at least part of the effect may be ascribed to a general solvent effect of
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the dendrimer e.g. by acting as a water structure perturbing solute (chaotrope), lower-
ing the dielectric constant and the viscosity of water and disordering the regular water
structure by reorganising water molecules at the dendrimer surface. As with other
chaotropes, this would lead to hydrophobic interactions being disfavoured, which is
highly destabilising for most protein tertiary structures. Classical examples of
chaotrophic salts are MgCl2, urea, guanidinium chloride, sodium thiocyanate and
guanidinium thiocyanate at high concentrations and other chaotropes include polarity-
decreasing, water miscible organic solvents like acetonitrile, propanol and methanol.
Generally, chaotropes will solubilise proteins, which are useful, for example, in sol-
ubilising protein aggregates as are often encountered when expressing proteins in
heterologous expression systems (inclusion body formation) and when extracting
certain types of membrane proteins. Dendrimers, being typically compact, large
polyionic substances have the physicochemical properties needed to make them
potential chaotropes/protein denaturants. As noted above, Supattapone and co-
workers111 found the effects of urea and dendrimers to be additive.

The protein solubilising effect of certain dendrimers as established for prion pro-
tein dissolution could very well be a general property of large, compact polycationic
dendrimers, but this awaits further testing with a wide range of dendrimers of dif-
ferent sizes and charge. Also other types of protein aggregates should be investi-
gated, including amyloid protein and polypeptide aggregates and inclusion bodies
from heterologously expressed recombinant proteins. This could open up completely
new medical and biotechnological areas for applications of dendrimers. The princi-
ple of dendrimer-mediated protein aggregate solubilisation has seemingly not been
applied to such important types of protein aggregates as e.g. Aβ-amyloid of
Alzheimer’s disease.

4.8 Summary
Dendrimer drugs are still in their infancy. However, many applications have been
demonstrated, most of all attesting to the versatility of these compounds. Thus,
groups with therapeutic potential can be presented on dendrimers in a multimeric
fashion to increase their effect, dendrimers can be targeted to bind to specific
types of cells only (e.g. neoplastic cells expressing specific receptor molecules)
and dendrimers can be tailored to optimise the fit of a specific ligand with its
receptor. Furthermore, dendrimers can be made to satisfy different size and solu-
bility demands allowing their vascular survival in vivo and enabling them to reach
different physiological compartments. Dendrimers may even be designed to
decompose under specific conditions making the traceless delivery of a drug pos-
sible. Antimicrobial dendrimers generally rely either on the inhibition of attach-
ment of the microbial agent or its toxin to the target host cells, or on selective
lysis of the microbial cell membrane. Before dendrimers can be applied generally
for in vivo uses as drugs, they have to be developed further to increase the effi-
ciency by which they reach their target and to increase the specificity for the
microbial target.

Dendrimer-based vaccines have shown great promise and have been almost
solely based upon the peptide MAPs developed by Tam,63,73 as these dendrimers
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have proven to be very versatile and able to accommodate a wide range of peptides
and combinations of peptides as well as substances with adjuvant activity (lipidic
structures). They have also consistently shown a surprising and very significant
enhancement of peptide immunogenicity; in a number of cases, even MHC I-
restricted cell-mediated immunity, important for the defence against viral infec-
tions or treatment of cancer cells has been achieved. There are indications that
MAP constructs sometime bypass normal immune-restricting pathways and
achieve efficient stimulation of the immune system without resorting to compli-
cated structures or immunogen formulations. MAPs and similar dendrimeric con-
structs may therefore constitute the first real possibility of creating all-synthetic
vaccines. Work needs to be done, however to reach the difficult goal of a simple,
chemically defined immunogen that is at the same time efficient are in contradic-
tion to the empirical finding that pure immunogens are poor immunogens. One
aspect of this is to ensure that MAPs are really pure (defined by mass spectrome-
try); this is very often not reported. Another object will be to avoid the use of adju-
vants or at least adjuvants like Freund’s, which is not allowed for human use.
Finally, it will be a challenge, when being able to produce 100% chemically
defined immunogens to apply the knowledge on immune mechanisms in order to
tailor-make the immunogen construct to obtain the desired type and magnitude of
immune response.

The chance finding that certain dendrimers can act as protein denaturants needs to
be explored further to elucidate if this is a general property of large, compact poly-
cationic dendrimers or if this effect is restricted to interactions with aggregated prion
proteins. Other types of protein aggregates should be investigated, including other
amyloid proteins and inclusion bodies from heterologously expressed recombinant
proteins. This could open up completely new medical and biotechnological areas for
applications of dendrimers. The principle of dendrimer-mediated protein aggregate
solubilisation has seemingly not been applied to such important types of protein
aggregates as e.g. Aβ-amyloid of Alzheimer’s disease.
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CHAPTER 5

Dendrimers in Diagnostics

5.1 Contrast Agents based on Dendrimers
Contrast agents have a long history in medicine as a tool for achieving enhanced res-
olution in imaging of different internal structures in the organism. The classical
example is the use of barium sulfate as a contrast agent for X-ray investigation of the
digestive system. The methods for imaging living biological structures have under-
gone a tremendous development during the last 30 years, starting from the classical
use of X-ray pictures to the present methods such as computer-aided tomography
(CT), scintigraphy and magnetic resonance imaging (MRI). CT and MRI gives 3-D
pictures of the object investigated, while scintigraphy, which rely on emission from
a radioactive compound, may give information on metabolic, biochemical and func-
tional activity. 

All X-ray techniques rely on the attenuation of X-rays by the tissue, as a conse-
quence, tissues containing heavier elements such as calcium in bones have a higher
natural contrast than soft tissues. The consequence of this is that the contrast agents
for X-ray-based techniques must incorporate heavier elements to achieve a better
contrast. An element with a reasonable balance between toxicity and contrast is
iodine, therefore, the majority of contrast agents for CT contains iodine.

An MRI is based on the mapping of proton density in the tissue by the use of
nuclear magnetic resonance (NMR). The subject is placed in a magnetic field,
which induces an orientation of the nucleic spins of 1H present in the tissue. The
orientation of the 1H-spins follows a Boltzman distribution, where a change in the
orientation towards the magnetic field is further stimulated by an applied radio
pulse. This change in distribution of the 1H-spins is detected and constitutes the
MRI signal. The relaxation (or reorientation) of the 1H-nuclei determines the con-
trast in the pictures, and the contrast agents for MRI act by shortening the relax-
ation times (T1 and T2) of the 1H nuclei. An NMR experiment takes place in 3-D
with an orientation induced by the external magnetic field and T1 describes relax-
ation taking place in the field direction (the z-direction) and is also commonly
called the spin lattice or longitudinal relaxation constant. T2 describes the relax-
ation processes taking place in the X–Y plane and is also called the spin–spin or
transversal relaxation constant. The contrast agents can be classified according to
their mechanism of action: Gd3� and Mn3� affects T1, while magnetic iron oxides



(magnetites) and Dy3� affects T2. The problem encountered with contrast agents
for MRI is toxicity of metals such as Gd3� and Dy3� as well as biological activity
(and risk of poisoning) of Mn in various oxidation states, and this has been
addressed by using chelating ligands for binding of the metal ions.

Dendrimers offer several advantages, when considering contrast agents: the den-
dritic architecture is highly suitable for incorporation of many contrast-giving
atoms/ions while keeping the solubility. Dendrimers are accessible in sizes that
allow imaging of vascular structures, which are not easily imaged by low-molecular
weight contrast agents due to fast diffusion (extravasation) of the small molecule
agent into the surrounding tissue. Dendrimer-based contrast agents can also be made
target specific by using dendrimers with a tag capable of binding to a specific type
of tissue.

An important aspect is the amount of contrast agent necessary for getting the
desired resolution. CT requires from 100 to 1000 mg kg�1, MRI from 0.1 to 0.001
mg kg�1 and scintigraphy from 10�5 to 10�8 mg kg�1.1–5

5.1.1 Dendrimer-based Contrast Agents for CT

There are only few reports in the literature on dendrimer-based contrast agents for
CT. Iodine-containing dendrimers have been described by a couple of groups,3,6 but
the somewhat definitive study on the synthesis and characterisation of dendrimer-
based X-ray contrast agents must be ascribed to the group at Schering AG in Berlin,3

which have used 2,4,6-triiodophenyl-group as a contrast yielding unit attached to the
surface of PAMAM-, PPI- or polylysine-dendrimers (Figure 5.1). 

The thermal stability of the dendrimers in solution was investigated, since sterili-
sation is essential for all parenteral drugs. The PAMAM dendrimers were not stable
in this treatment, whereas both PPI- and polylysine-dendrimers showed stability.
The toxicity and clearance in mice were also investigated, and it was only the polyly-
sine dendrimer that showed low toxicity and low retention. However, the conclusion
was that the polylysine dendrimer-based contrast agents are not likely to compete on
commercial terms with the commercial Gd-based MRI contrast agent Gadomer-17
(also developed by Schering AG), since the amount of material necessary for CT
(gram amounts) is much larger than what is necessary for an MRI and the spatial res-
olution is often satisfactory in an MRI.
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There have also been reports on organotin-7 and organobismuth- based den-
drimers8 as potential contrast agents, however, it is more speculative if these reagents
will find clinical use due to the known toxicity of organotin compounds9 and the pos-
sible toxicity of organobismuth compounds.10

5.1.2 Dendrimer-based Contrast Agents for MRI

These reagents may be divided into two classes of materials: those influencing T1
and those influencing T2. The majority of contrast agents available at present belong
to the class of T1 materials, and are essentially based on metal ions such as Gd3� and
Mn2� or Mn3� bound to chelating ligands with a labile site for coordination of water
molecules. The problem is to achieve the best balance between stability of the com-
plex and the rate of water exchange. The most commonly used ligands are from the
EDTA family (Figure 5.2).

The first dendrimer-based contrast agents for an MRI as described by Wiener and
co-workers,11,12 were PAMAM dendrimers with covalently bound DTPA ligands
(Figure 5.2c) for binding Gd3�. They demonstrated the usefulness of these den-
drimers for MR angiography (visualisation of vascular structures). Blood circulation
half-lives ranged from 40 to 200 min depending on the molecular weight of the den-
drimer used. Another type of Gd3�-binding dendrimer based on the ligand DO3A
(Figure 5.2b) bound to a PAMAM dendrimer has been investigated, and showed that
the minimal dose necessary for visualisation of vascular structures in rabbits was
0.02 mmol kg�1 animal corresponding to 1.16 g kg�1.13

Kobayashi and co-workers14,15 investigated the pharmacokinetics of dendrimer-
based MRI contrast agents using PPI and PAMAM dendrimers (G2–G4) carrying
DTPA groups (Figure 5.2a) as surface groups in order to bind the gadolinium ion used
for contrast imaging. Although having almost identical molecular weights, PPI
dendrimer-based agents were found to be more rapidly excreted from the body than
the agents based on PAMAM dendrimers having same number of surface groups and,
not surprisingly smaller dendrimers were more rapidly excreted than large dendrimers;
for contrast reagent use, G3-PAMAM and G3-PPI with 16 end groups were optimal.
A further interesting feature is that the contrast agents based on PPI dendrimers have
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higher relaxivity than the corresponding PAMAM dendrimers, and thus are more effi-
cient.16 This is ascribed to the differences in molecular shape between PAMAM and
PPI dendrimers. The PPI dendrimers are more ellipsoid shaped than PAMAM den-
drimers leading to a higher T1 relaxivity.

As with any contrast agent, the agent should be present in circulation long enough
to allow visualisation, for example, of blood vessels but not so long as to present a
potential hazard to the body. In addition to renal excretion, extravasculation also
contributes to lowering the retention time in the circulation. Some dendrimers also
accumulate in the kidneys before excretion, which may be useful for visualising
renal structures.14

Dendrimers are due to their multivalent surface suitable as platforms for conju-
gates both carrying a contrast agent as well as a tag targeting a specific type of tis-
sue, for detection of a specific type of tissue in areas, where the contrast otherwise
would be poor. This has been demonstrated by Brechbiel and co-workers,17,18 who
utilised the overexpression of folate receptors on cancer cells for tagging with den-
drimers carrying folic acid as well as a contrast agent. 

The first commercial dendrimer-based contrast agent is Gadomer-17, which has
been developed by Schering AG. It is based on a polylysine core substituted with
DTPA groups at the surface and is presumably going to be marketed as a contrast
agent for MR angiography. 

5.1.3 Dendrimer-based Contrast Agents for Scintigraphy

Scintigraphy is a technique based on the detection of γ-rays irradiating from a
radioactive element. The method is suitable for measuring metabolic or biochemical
activities, but rely on access to the suitable carriers for the radioactive element used.
One of the few examples of dendritic carriers in this area is the dendritic porphyrins
(Figure 5.3) described by Mukhtar and co-workers.19 Porphyrins are known to con-
centrate in tumour tissue, where they may serve as photosensitizers for photody-
namic therapy (see Chapter 4). By tagging them with 99mTc they can be utilised for
the localisation of tumours. In their study, they showed that the two dendrimers were
concentrated in C6-glioma tumours in the brain of rats.

5.2 Fluorescence Enhanced by Dendrimers
Fluorescence is a popular method in bioanalytical chemistry due to high sensitivity.
However, in some cases it would be desirable to have an even higher sensitivity. 

Two strategies for fluorescence-based detection of an analyte commonly used are:
the reaction between an analyte and a fluorescent tag under conditions where an excess
of the fluorescent tag can be removed. The remaining fluorescence correlates with the
amount of analyte present. In this case, signal amplification can be obtained by
increasing the number of fluorophores bound to the tag giving a larger signal to detect.
The other strategy is to have a substrate for a specific reaction, where the substrate has
a fluorescent group as well as a fluorescence quencher positioned at such a distance
that the substrate becomes non-fluorescent. This phenomena is called fluorescence
resonance energy transfer (FRET), and can also take place between multiple copies of
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the same fluorophore due to the energy loss associated with the transfer process. When
the reaction in question takes place, the two parts of the molecule are separated, and
fluorescence from the fluorophore can be observed. This approach could also be called
the dendritic beacon.

The use of dendrimers for enhancing sensitivity in a human-herpes assay based on
DNA microarrays has been reported. The assay is based on polymerase chain reac-
tion (PCR) amplification of the viral DNA obtained from the patient, but uses fluo-
rescent dendrimer-labelled primers carrying up to three fluorophores per
oligonucleotide, followed by microarray analysis (vide infra).20

The dendritic beacon has been utilised by the groups of McIntyre21 and Bradley22

for assaying proteases. McIntyre’s group were interested in an in vivo detection of
matrix metalloprotease-7, which is associated with benign intestinal tumours. The
assay was based on fluorescein (FITC)-labelled PAMAM dendrimers conjugated to a
tetramethylrhodamine (TMR)-labelled peptide. When the two different fluorophores
are present in the same molecule, only fluorescence from TMR can be observed.
When the peptide is degraded by the enzyme, this splits off the part of the dendrimer
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carrying the FITC label from the peptide carrying the TMR label, and the character-
istic fluorescence of FITC is observed. The assay was shown to work in a mouse
model, but the sensitivity compared to a non-dendrimer system was not addressed.

Bradley and co-workers22 developed a system for screening of substrates for pro-
teases based on FRET between fluorophores and a quencher in peptide libraries
(vide infra).

5.3 Dendrimers in Bioassays
Bioassays are used for identification, characterisation and/or quantitation of cells
and biomolecules, including proteins, nucleic acids and carbohydrates and also
include methods for determination of the biological activity, for example, of
enzymes, cell-stimulating substances and toxins. 

Dendrimers may be useful and versatile tools for increasing the sensitivity of
bioassays in two major ways; first, dendrimers can be used to enhance signal gener-
ation, taking advantage of the high number of surface groups available for coupling
of signal generating moieties and of the possibility to heterofuntionalise the den-
drimer. This allows coupling both to multiple signal generating moieties and to the
biospecific detection molecule (antibodies, oligonucleotides, receptor ligands, etc.)
that determines the specificity and forms the core of the bioassay. Biospecific inter-
actions may also be included as an intrinsic part of the signal generation step.
Second, dendrimers can be used to enhance the covalent-binding capacities of solid
phases used for heterogeneous assays like enzyme-linked immunosorbent assays
(ELISA, typically polystyrene, see Figure 5.4), microarrays (typically glass) and
plasmon surface resonance spectroscopy (typically gold). The analytical assays tra-
ditionally utilise non-covalent binding of analytes or detection molecules to the sur-
face, however, covalency may increase the stability, reusability and selectivity of the
assay. To increase the assay sensitivity it is, however, often necessary to increase the
covalent-binding capacity of the surface, and dendrimers having multivalent surfaces
are well suited for this purpose.

5.3.1 Dendrimer-Enhanced Signal Generation

DNA-based dendrimers are examples of highly amplified signal generating entities
for general labelling of DNA molecules and other molecules equipped with a com-
plementary DNA strand. The all-DNA dendrimer type, first described by Nilsen and
co-workers23(see Chapter 1) was used in combination with a signal generating
oligonucleotide construct called a “signal amplification cassette” (SAC) and a poly-
merase/exonuclease method called “nucleotide extension and excision coupled signal
amplification” (NEESA), (Figure 5.5). When coupled with luciferase-based detection
of inorganic pyrophosphate arising from the NEESA reaction, high signal intensities
are achieved with a single dendrimer molecule.24 The 3� ends for the SACs and the
polymerase extension reaction are provided by the DNA dendrimer itself and are
present in high numbers on the surface of the dendrimer (as described in Chapter 1).
Given the right composition of the NEESA, SACs could be detected down to the atto-
mole level (10�18 mol). However, coupling SACs to 4,6 or 8-layer DNA dendrimers,
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potentially containing 162, 1457 and 13,122 potential surface groups, respectively,
dramatically enhanced the sensitivity expressed as moles of SACmultiple dendrimer
detectable by the method; this reached 5 zeptomoles (10�21 mol) for the 8-layer DNA
dendrimer.24 This immense sensitivity is thus achieved by combining catalytic ampli-
fication with stoichiometric amplification and is comparable to the amplification of
nucleic acids achievable with established methods like PCR.
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Importantly, SAC-coupled DNA dendrimers also have a high number of surface-
localised 5�-terminated DNA strands available for coupling to specific detection
molecules for application in antibody based or other assays and thus can be used as
general labelling reagents for high-sensitivity applications. 

The Nilsen23 DNA dendrimer has found widespread use for the enhancement of
fluorescence- and enzyme-based signals, especially in microarray applications
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where fluorescent DNA dendrimers can be annealed to PCR primers carrying
oligonucleotide extensions binding to the surface nucleotides present on the den-
drimer, which allow the straightforward and general labelling of PCR products (see
below). As these DNA dendrimers carry two different “free” oligonucleotide tags on
the surface it is evident that they can be decorated with any signal-generating moiety
that can be coupled to a complementary nucleotide. Also, any biomolecule or recog-
nition moiety that can be coupled to an oligonucleotide tag can readily be labelled
with this type of dendrimer. This has been demonstrated with antibiotin antibodies in
ELISA (labelled with horseradish peroxidase decorated DNA dendrimer)25 and in
protein array and bead applications, both using dendrimers labelled with fluorescent
molecules.25,26 Sensitivity enhancements from 50- to 500- fold have been reported
for such constructs. Using single-stranded biotinylated DNA amplicons in a bead-
based assay, the signal-to-noise ratio can be increased more than 8.5 times when
comparing a single-step streptavidin-phycoerythrin (SA-PE, fluorophore binding
biotin) detection with detection mediated by a mixture of biotinylated DNA
dendrimers and SA-PE.26 In another bead assay, Listeria monocytogenes genomic
DNA was caught by DNA probes attached to beads, making up a suspension
microarray for sub-typing of the bacterium.27 Interestingly, the beads can be colour
coded such that a specific probe corresponds to a specific colour, allowing the rapid
identification of sequences of binding beads in an extensive suspended library of
beads. Adequate detection sensitivity was achieved without amplification of the DNA
by reacting bead-bound DNA with another probe attached to a biotin labelled G4
DNA dendrimer then visualised by fluorescently labelled streptavidin. The dendrimer-
based signal enhancement enables this method for rapid and extensive sub-typing 
of L. monocytogenes. The method has also been shown to work for the identifica-
tion of several other pathogens, using a new type of dendrimer-like DNA and
colour-encoded fluorescent beads having different colours and forming a decod-
able “barcode” formed by the specific number and types of beads included in the
dendrimer.28

Detection signals can also be enhanced by dendrigraft-type (comb-like) polymers
in which a primary nucleotide functions to hybridise to the target while the second-
ary nucleotides are synthesised as the “teeth” on the comb, inserted at certain
branching points in the nucleotide also containing the primary oligonucleotide. By
additional enzymatic ligations, it was possible to create multimers of these mole-
cules that could be used for signal amplification by annealing the secondary
nucleotides with alkaline phosphatase-labelled oligonucleotides for very sensitive
detection of pathogen (viral) nucleic acid.29

An interesting application of dendrimers for the labelling of detection molecules
like antibodies is metal-carbonyl-dendrimer immunoconjugates, which can be
detected by the highly sensitive technique Fourier transform infrared (FTIR) spec-
troscopy (Figure 5.6).30 In a model study, G5 PAMAM was coupled with the
iron–carbonyl complex Fp-maleimide and then coupled to an antibody by reductive
amination of antibody carbonyl groups (obtained by mild oxidation of the carbohy-
drate moieties of the antibody molecules) by the remaining dendrimer amino groups.
Such antibodies were tested for detection of specific antigens adsorbed to nitrocellu-
lose membranes and a good sensitivity and low background was obtained.
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The success of this labelling method is claimed to be partly due to the possibility
of introducing multiple labels by attaching a few dendrimer molecules only, thereby
avoiding an extensive modification of the antibody surface. In fact, in this study, the
molar ratio of dendrimer to antibody never exceeded 1.4;30 the number of Fp units
on the dendrimer varied between 10 and 25, the lowest substituted dendrimer reach-
ing the highest coupling to the antibody (ratio: 1.4).

5.3.2 Dendrimers for Amplifying the Covalent Binding
Capacity of Solid Phases

The general advantage of assays where a soluble analyte in a sample is detected by
its binding to a surface (heterogenous assays) is that the separation of the analyte
from other sample components is achieved simply by its binding to the solid phase.
If an analyte or another component of such an assay is not optimally adsorbed to
the solid phase by passive, non-covalent binding, covalent methods are, however,
needed to ensure binding. Covalent attachment methods may also add chemical
specificity or selectivity to the binding of the analyte to the solid phase, thereby
possibly enhancing the selectivity of the method, or it may enable attachment of
biomolecules that are not easily adsorbed by non-covalent methods, an example
being carbohydrates or DNA on polystyrene.31,32 The main challenge of such meth-
ods, apart from applying chemical methods with an appropriate reactivity, is to
obtain a final, functional capacity that is high enough to achieve a satisfactory level
of signal generation. This can be achieved by amplifying the number of reactive
groups on the solid-phase surface by derivatisation of dendrimers with the ability
of multivalent presentation. Gold surfaces, as used for surface plasmon resonance
(a method for investigating receptor–ligand interactions based on mass changes on
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a reflective surface) and for electrodes may be derivatised with thiols, as for exam-
ple shown by coupling an Au-reactive thiol PAMAM (Starburst) dendron with a G3
shell of hydroxyl in the first layer followed by a G2 amino-terminated PPI den-
drimer in the second layer. When this was coupled to biotin, it could be shown by
spectroscopic methods and by scanning tunnelling microscopy (STM) that the
biotin groups were accessible for the binding of avidin; thus this constitutes a
method for the amplification of the avidin-binding capacity of an Au surface33

(Figure 5.7). A similar approach was applied by Mark and co-workers34 who
utilised an amino alkyl thiol derivatised G5 PAMAM dendrimer. After coupling
various biomolecules to the surface, comparative studies on a “dendrimer free” sur-
face were carried out by surface plasmon resonance. High-stability immobilisation
of biomolecules in an easily accessible orientation was achieved for both proteins
and DNAs, coupled through primary amines by the use of the homobifunctional
linker BS3 (bis[sulfosuccinimdyl]suberate). Surface plasmon resonance analysis
showed an increase of 2.5 times in the immobilisation capacity (biotin probed with
streptavidin) compared to a surface without dendrimer amplification.

Similarly, in a model study, an example of a very sensitive immunosensor was
demonstrated using dendrimers for the efficient and high-capacity presentation of
antigens (in this case, the hapten biotin) on a gold surface in connection with an elec-
trochemical signal-generation system.34a

Here, G4-PAMAMs were bound to the gold surface through a succinimide linker
and then reacted with biotin to form a covalently coupled avidin, streptavidin and
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antibiotin antibody sensing layer. Detection of the bound, peroxidase-labelled mol-
ecules was done by electrochemical measurements of peroxidase activity. The same
group reported previously that dendrimers (G4 PAMAM) partly derivatised with fer-
rocenyl groups and biotin groups could be layered onto a gold electrode and could
act as a biosensor electrode for avidin, using glucose oxidase and glucose as an elec-
tron-generating system.35 First, a ferrocenyl-coupled dendrimer was coupled to the
succinimide-activated gold surface, and second, the coupled dendrimer was deriva-
tised with biotin. Thus, in this setup the dendrimer is thrice heterofunctionalised
(gold succinimide, ferrocenyl (around 30% of the surface groups) and biotin). A sig-
nal is generated during the interaction with the ferrocenyl groups by the electrons,
which are generated by the oxidation of glucose by glucose oxidase. When glucose
oxidase is inhibited by the dendrimer-bound avidin to access the electrode surface,
the electron transfer from glucose oxidase to the ferrocenyl groups is also inhibited
and a decrease in the redox signal from the ferrocene groups will result. This
decrease in signal was found to be proportional to the amount of avidin being bound,
enabling the quantitation of avidin in the picomolar range (detection limit 4.5 pM).
This principle can be extended to any interesting macromolecule binding to the sur-
face of the dendrimer thereby interfering with the electron transfer as also shown
with the hapten dinitrophenyl (DNP) and its corresponding antibody.36 The ability of
the ferrocene dendrimer to “sense” glucose in the presence of glucose oxidase was
also used to generate a highly sensitive electrode for glucose, and it was shown that
the sensitivity and the signal generation increased in proportion to the number of
dendrimer and enzyme layers on the electrode37 (Figure 5.8).

The penicilloylated dendrimers reported by Sanchez-Sancho and co-workers38

(see also Chapter 6) also exploit the ability of the dendrimer to increase the number
of antigens available for reaction with antibodies. In this case, however, the anti-
bodies were of the IgE class characterising allergic reactions and the assay format
was the so-called radioallergosorbent test (RAST) in which the putative allergen is
adsorbed to a solid phase (here benzylpenicillin coupled to polylysine) and probed
with the patient’s blood. A positive reaction with IgE as detected by radioactively
labelled antiIgE then indicates allergy. The RAST inhibiting potential of penicilloy-
lated G1–G3 PAMAM dendrimers was analysed and compared to a monomeric
penicillin. It was shown that the binding of IgE to the penicillin monomer was sim-
ilar to the different constructs while the molar inhibition capacity increased strongly
when going from monomer to dendrimers in the order of G1–G3. This indicates that
dendrimers of this class might be used as amplified antigens for in vitro allergy tests
with an increased sensitivity.

5.3.3 Microarray Application of Dendrimers

Microarray technology allows high-throughput (parallel) analysis of a high number
of samples for a big number of genes or gene variants (DNA arrays) or for expression
of many different genes after reverse transcription (RT) PCR on an extracted RNA
yielding cDNA. However, the necessity of using minute (sub-µL) hybridisation vol-
umes and the very small size of the dots of probe DNA on the microarray slide make
it extremely important to apply detection methods with the highest possible analytical
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sensitivity. This allows detection of specific nucleic acid sequences at the levels
needed for sensitive detection of microorganisms like bacteria and viruses and for
sensitive quantitation of eukaryotic DNA and RNA. As for the assays mentioned
above, the sensitivity can be increased either by making the hybridisation reactions
more efficient, e.g. by increasing the number of molecules available for hybridisation
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in each spot (Figure 5.9) or by employing labelling molecules with enhanced signal-
generation capabilities (vide supra).

The use of dendrimers to increase the “load” of biomolecules in the spots of a
microarray on the most common microarray-based material, glass, has been achieved
by aminosilylation followed by activation of the amino groups and coupling of
amino-functionalised dendrimers that are then further activated to bind amino groups
present in proteins or in aminated oligonucleotides. As an example, 3-aminopropyl-
triethoxysilane (or glycidyloxypropyltrimethoxysilane) was used to activate a glass
surface followed by coupling of either disuccinimidylglutarate (or glutaric anhydride,
followed by N-hydroxysuccinimide/N,N�-dicyclohexylcarbodiimide) and 1,4-
phenylenediisothiocyanate and a G5 PAMAM dendrimer which was then activated
and partially crosslinked with the same homobifunctional linker for the coupling of
amine-containing biomolecules.39,40 The set up was tested by traditional fluorophore
labelled DNA hybridisation and the dendrimer-coated surfaces were found to show a
doubling in signal intensity and to be reusable (in contrast to the conventional slides).
In addition to DNA, proteins (e.g. streptavidin) could also be coupled by this method-
ology. The system was shown to perform well for single nucleotide polymorphism
(SNP) analysis, to be applicable to both oligonucleotide and PCR targets, and
furthermore the method resulted in uniform spots on the microarray. Generally, a 
10-times increase in signal compared to conventionally coated surfaces was
obtained.39,40
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Data on various performance parameters important for optimal microarray
assays, including sensitivity and signal:noise ratios have also been reported in the
context of various methods for dendrimer-based amplification. For example, cDNA
or oligonucleotide probes were coupled non-covalently by electrostatic interactions
to G3 DAB dendrimer surfaces (aminosilane-activated glass). UV light stabilised
the binding by mediating intermolecular DNA crosslinking.41 In this case, den-
drimers did not give any advantage, but covalently coupled DNA was found to lead
to a considerable increase in sensitivity,42 allowing the use of minute amounts of
probe material in the spots and resulting in an increased detection sensitivity. The
latter dendrimers were based on a hexachlorocyclotriphosphazene core and G4 den-
drimers terminated with aldehyde functions were used, coupling 5�-amine-modified
DNA by reductive amination.

For antibody arrays, in which antibody molecules are bound by dendrimer epoxy
groups, a considerable gain in signal with fluorescently labelled antigen was
obtained with no increase in the background signal, increasing the detection limit
2–20 times depending on the type of slide it was compared to. The dendrimer type
was not disclosed. When a protein antigen (human serum albumin) was coupled to
this surface, and subsequently detected with fluorescent antibody, the increase in
sensitivity was not as pronounced, however the dendrimer slides, together with one
brand of amine slides showed the lowest detection limit of the surfaces tested.43

The use of dendrimers as enhancers of signal:noise ratios has been demonstrated
in a DNA microarray designed to detect a number of viruses.20 Small phospho-
ramidite dendrons, synthesised by solid phase synthesis were used to conjugate two,
three, four or nine copies of a fluorophore to the 5� end of DNA primers used for
amplification of the viral DNA in the samples being hybridised on the array, result-
ing in a considerable gain in sensitivity. The primers were derivatised with one or
two layers of a commercially available “doubler” or a “trebler” phosphoramidite to
contain two, three, four or nine 5�-alkylamino functions onto which the fluorophore
NHS ester was coupled. Importantly, the efficiency of the PCR was not affected by
incorporation of the fluorophore-dendrimer moieties compared to the normal single-
labelled primers and the subsequent microarray reactions also retained specificity
and reproducibility. The highest sensitivity increase was observed for low levels of
signal (quenched signal DNA) where the nine-dendrimer derivatised DNA gave up
to 30 times the signal seen with normally labelled DNA. The three-dendrimer deriva-
tised DNA gave signals in the same range as the nine-dendrimer.

In an elegant example demonstrating the versatility of dendrimer-based label
amplification, a radioactively labelled (32P) oligonucleotide dendron based on a
phosphoramidite synthon in which the radioactive label was incorporated on the
5�ends by enzymatic means was investigated.44 This dendron was combined with a
specific, hybridising oligonucleotide in a dendron head-monomeric oligonucleotide
tail arrangement yielding a polylabelled DNA hybridisation probe. Furthermore, an
oligonucleotide–dendron based on the same principles could be used as a primer for
PCR amplification of a target DNA sequence yielding highly labelled products. 

Another type of all-DNA dendrimer, described above (also see Chapter 1), is
assembled through inter-hybridising oligonucleotide building blocks (monomers).23

The use of this dendrimer for amplifying radioactive signals, enabling sensitive
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detection of the widespread human herpes virus, Epstein–Barr virus, by detection of
its specific RNA in peripheral blood mononuclear cells has been described.45 The
dendrimers were labelled by the annealing of radiolabelled oligonucleotides to den-
drimer surface oligonucleotides with complementary sequences while the other sur-
face oligonucleotides of the dendrimer were designed to anneal to viral RNA
extracted from the infected cells and blotted onto a membrane as a model of a
microarray design. The sensitivity reached 10% of that of PCR. This DNA–dendrimer
type was also used with fluorescent labelling in the following way: the two avail-
able types of free oligonucleotide strands of the DNA dendrimer were used to bind
a flourophore-labelled DNA strand (>200 binding strands available on the surface
of the dendrimer) and a 5�-oligonucleotide extension of RT-PCR-generated 
cDNA samples, respectively.46 Thus, the dendrimer effectively bridges the cDNA
bound to the microarray and the fluorophore. The signals obtained correlated nicely
to the amount of cDNA in the sample, kept the background very low and increased
the sensitivity for mRNA detection 16 times compared to a conventional cDNA
microarray.

5.3.4 Fluorophore-Labelled Dendrimers for Visualisation
Purposes

Fluorescent G5-PAMAM dendrimers were applied for visualising folate receptor-
expressing tumours47 (vide supra) using a bi-dendrimer construct bound together by
complementary DNA strands on the two dendrons, one dendrimer carrying, in addi-
tion, folic acid and the other dendrimer labelled with fluorescein. Labelling of and
uptake by folate receptor expressing cells were demonstrated. The whole bi-dendrimer
complex had a diameter of 20 nm with 11 nm being constituted by the DNA
spacer/linker and five fluorescein molecules were present on the first dendrimer and
two folic acid moieties on the second one. No selective chemistry was employed;
ratios of fluorescein and folic acid labelling were controlled by the stoichiometry of
the reactions. The DNA-binding step was not quantitative and there were problems
with entrapment of fluoresceine isothiocyanate inside the dendrimer. Despite these
problems, the principle opens up for a range of both diagnostic and therapeutic
reagents combining different targeting dendrons with different visualising og drug-
carrying dendrons (see Chapters 1 and 4).

Although self-quenching can be utilised in fluorescent assays for protease activ-
ity22,48 (vide infra), this is a problem with dendrimer amplified fluorescence which
seeks to enhance the fluorescence of several fluorophore moieties coupled to one
dendrimer. For fluorophores with small Stoke’s shifts (e.g. fluorescein) a close posi-
tioning on the dendrimer surface will lead to an intramolecular self-quenching of flu-
orescence, as was for example, demonstrated with a series of fluorescein-coupled
dendrons going from two to six “arms” where the emission essentially decreased to
zero for the six-mer construct.48 In a different design, using non-self-quenching flu-
orophores, Wang and co-workers49 investigated G1- to G5-PAMAM dendrimers
derivatised with either phenylenefluorene or phenylenebis(fluorene). These den-
drimers are cationic and fully water soluble. FRET could be demonstrated using
such fluorescent dendrimers as donors and fluorescein-labelled double-stranded (ds)
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DNA (16-mer) as acceptors and the dendrimer thus acted as a water soluble light-
harvesting dendrimer able to enhance an incoming light signal and transfer it to a
oligonucleotide bound acceptor or reporter molecule, resulting in a considerable
increase in the emission intensity of the reporter (Figure 5.10). With increasing gen-
erations, very large molar absorption coefficients are reached (up to 18) and very
efficient transfer of energy takes place between the dendrimer fluorophore and the
fluorescein-coupled dsDNA due to the multivalent interactions between the cationic
dendrimer and the anionic dsDNA. No FRET took place with free fluorescein.
However, reaching the higher generations, a lowering of the quantum efficiencies
and the extinction coefficient per optical unit is seen, probably due to crowding of
the surface fluorophore units, leading to a plateau in fluorescein emission intensity.49

Protease activity can be monitored by recording the increases in fluorescence due
to the separation of a quencher moiety from a reporter moiety by the action of the
protease in question on an adequately labelled peptide; this can be amplified by use
of dendrimer labels, e.g. by placing the peptide in question, labelled N terminally
with a self-quenching fluorophore in several copies in a parallel arrangement
attached to dendrimer surface groups. This distance is adequately close to allow for
an efficient quenching (low background) which is abolished upon cleavage of the
peptide.22,48 Ellard and co-workers48 investigated trivalent and divalent dendrons
coupled to an octameric peptide N-terminally labelled with the fluorophore Cy5
(synthetic sulfoindocyanine dye). In addition, a tetrameric peptide labelled with flu-
orescein was coupled to divalent and trivalent dendrons. A large increase in fluores-
cence (up to nine times) were observed upon protease-mediated cleavage of these
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peptide substrates. This system has the advantage of only one type of fluorophore
being needed, allowing simple synthesis routes to be employed. However, when
applying this method for peptide probing of proteases, molecular crowding of the
peptides might become a problem. Problems due to crowding have consistently been
observed with MAP peptides having a similar arrangement of the peptide units (see
Chapter 4). Another way is to use long-reaching fluorophore-quencher pairs at both
ends of the peptide substrate, using a dendrimer as scaffold for multivalent presen-
tation of fluorophores (should not be self-quenching). Upon cleavage of each pep-
tide molecule, multiple fluorophores become dequenched and accordingly an
enhanced fluorescence signal is obtained (Figure 5.11).22 These are versatile
approaches and can be used to label multiple peptides for peptide library screening
of peptide substrates for proteolytic enzymes.

5.3.5 Using Dendrimers to Increase DNA Extraction Yields

A simple way to enhance the sensitivity of DNA-detection methods is to increase the
yield of DNA extracted from the sample for subsequent analysis. This could be
accomplished through the use of dendrimers in the extraction step50 as an example
of surface derivatisation of dendrimers for preparative purposes. Polyamidoamine
dendrons (up to G6) were synthesised on the surface of magnetite particles through
an aminosilane bond and the enhanced density of the positively charged amino
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groups was used to achieve an improved yield of DNA extracted from solutions of
DNA by polyplex formation (see Chapters 2 and 3). The magnetite particles had
diameters in the range of 50–100 nm and benefitted from the cationic dendrimer
coating by becoming increasingly dispersed in the suspension. This dispersion
increased the accessible number of cationic groups able to participate in the binding
of DNA. The number of accessible amino groups increased linearly up to G5.
Increasing the size to a G6 dendrimer did not increase the amino groups linearly due
to steric interference of the sulfo-LC-SPDP used to monitor the accessibility of
surface amines; however, the increased dispersion of particles obtained with high-
generation dendrimers increased the efficiency of the adsorbent so that the coupling
capacity for DNA was doubled from G5 to G6. By contrast, DNA binding capacities
of low generation particles increased only slightly when increasing the generation,
due to the aggregation of the particles occurring at these generations.

Dendrimers (G3 PAMAM) were also used by Lei and co-workers51 to prepare a
high-capacity resin with small (3–4 µm), non-porous zirconium and urea formalde-
hyde co-polymer particles for high-performance liquid chromatography of various
biological macromolecules and nucleotides, using RNA as the stationary phase. The
PAMAM dendrons were synthesised directly on the imido groups of the resin and
the RNA was coupled to the amino groups of the dendrimers using RNA brominated
in the position eight in the purine nucleoside base (Figure 5.12).

5.3.6 Using Dendrimers for direct Detection of Live Bacteria

The application of G4-PAMAM-OH was shown to result in staining by the
hydrophilic cationic fluorescent dye SYTOX Green of live Pseudomonas aeruginosa
bacteria.52 This is interesting as the fluorescent dye is not by itself able to cross the
bacterial membrane and thus the PAMAM dendrimer is thought to mediate the trans-
port of the dye through the membrane resulting in fluorescent staining of the bacte-
rial DNA just by mixing the two components. The mechanism behind this is
unknown, but it could involve either a general increase in membrane permeability by
hydrogen bonds between G4-PAMAM-OH and cell-membrane components or it
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Figure 5.12 Zirconium-based resin coupled with brominated RNA.51 The base resin was acti-
vated with urea and formaldehyde and then derivatised with methyl acrylate and
ethylene diamine by on-resin synthesis to generate G-3 dendrimers. The result-
ing 3–5 µm, non-porous beads were used for high-performance liquid affinity
chromatography of biological macromolecules



could involve formation by electrostatic and hydrophobic bonds of a SYTOX
Green–PAMAM-OH complex that had membrane penetrating properties.

The fluorescence intensity correlated with the concentration of the bacteria and
the dendrimer stabilised the dye, making it possible to manufacture a dried film from
these components for the rapid and easy detection of bacteria applied as a droplet
suspension to the film and read by a fiber optics-based fluorometer.

5.4 Summary
In conclusion, dendrimers have broad applicability in diagnostic methods, including
their use as contrast agents for imaging and in various bioassays. Dendrimers are use-
ful imaging agents in proton-, X-ray- and radioactivity-based methods as they can be
designed to carry ionic contrast elements by chelation and others by covalent binding
and thereby provide a shielding from the toxicity of these components. In addition,
the dendrimer binds multiple contrast yielding elements, creating a powerful contrast
agent, and by manipulating the dendrimer size and shape, different biodistributions
and retention times can be obtained, for example, for imaging of soft tissue by a vas-
cular distribution of the agent. There is also a possibility of specific targeting by
including a specific ligand in the dendrimer-contrast agent. Most work has been done
with the proton-based reagents, which work at far lower concentrations than X-ray
reagents and which may be safer than radioactivity-based compounds. 

Dendrimers have also been investigated for use in bioassays, especially for the
enhancement of sensitivities in microarray and ELISA techniques. Commercial
reagents based on all-DNA dendrimers23 for general, highly amplified labelling of PCR
products for microarray detection are already available. Even if this type of dendrimer
is generally not molecularly perfect, its versatility and proven amplification potential
make it a very useful tool for signal enhancement in DNA-based assays. Dendrimers
can also be used to enhance sensitivity by amplifying the covalent-binding capacity of
solid surfaces, however, problems of increased steric crowding of biological macro-
molecules attached to the surface groups of higher generation dendrimers have pre-
cluded a wide use of this principle. The most obvious uses will comprise low-generation
dendrimers and small molecules, (e.g. haptens) an example being low-generation den-
drons used for fluorescence-based protease assays on peptide libraries. 

In most of the bioassay applications described here, there are no specific benefits
to be gained from the homogenicity and the compactness of a molecular flawless
dendrimer. Instead, it is the multitude of derivatisable surface groups and their chem-
ical versatility that make dendrimers interesting in the bioassay context and they
therefore have to compete with a number of other types of polymers, including well-
known, biocompatible and inexpensive polymers like dextran, PEG, etc.
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CHAPTER 6

Dendrimers as Biomimics

6.1 Introduction
Dendrimers with their macromolecular dimensions and well-defined and compart-
mentalised structure are ideal mimics for a wide variety of biomolecules. The flexible
design of dendrimers opens up for the possibility to create microenvironments, e.g.
hydrophobic or hydrophilic pockets surrounding the active site of dendrimeric artifi-
cial hosts or enzymes. The commercially available dendrimer types provide microen-
vironments with highly diverse properties. PAMAM dendrimers with their network
consisting of numerous mixed tertiary amines and secondary amides, create a polar
environment capable of, e.g. base catalysis (via the amines) and/or hydrogen bond
donation (amides) and acceptance (amides and the amines), which make these den-
drimers useful as hosts for polar acidic guests and in catalysis of chemical reactions
involving polar reactants. Fréchet-type dendrimers built up by numerous of alkoxy-
benzylether moieties, an environment interact with reactants/guests with aromatic
stucture, e.g. by π-interactions, and in addition, the π-system may stabilise cations by
electron donation. In addition, the oxygen atoms present in the Fréchet dendrimers
have the ability to interact with polar substrates/guests by electron pair donation, e.g.
as hydrogen bond acceptors. The multivalent surface may be, as we have already seen,
modified with various molecular motifs, for the formation of, e.g. antigens or other
biopolymers having highly repeating structures. Dendrimers thus provide ideal molec-
ular motifs for the mimicking of functional biomolecules as they have

● the ability to expose a multivalent surface, for increased binding of biomole-
cules, otherwise binding weakly to their natural substrate/ligand, useful in
mimicking, e.g. an artificial cell surface,

● the ability to create a microenvironment inside the dendrimer, giving possibil-
ity to create artificial catalytic sites, or cavities having properties different from
the surroundings, e.g. hydrophobic, hydrophilic cavities, etc. useful for the con-
struction of enzyme mimics; and 

● the ability to provide a well-defined spatial arrangement of functional subunits,
with a high molecular density compared to natural systems, leading to
enhanced stabilisation of the three-dimensional structures. 



The following chapter will give a survey of the attempts to create functional mim-
ics of natural systems by applying dendrimers as scaffolds or encapsulation entities.
Biomimicking behaviour is also used, e.g. in the development of drugs and drug
delivery devices, where the dendrimeric adducts are utilised, e.g. as mimics of cell-
surfaces. As the preceding chapters have treated this subject in greater detail, this
part of the biomimicry area will only be briefly mentioned in this chapter.

6.2 Dendrimers as Protein Mimics
The molecular dimensions and globular conformation and compartmentalised struc-
ture of high-generation dendrimers, already early in the history of dendrimers led
researchers to the idea of utilising these synthetic macromolecules as mimics of
globular proteins.1,2 As seen in Chapter 1, the dendrimeric structures respond to
changes in the surroundings, e.g. solvent polarity, ionic strength, etc., and may
depending on these conditions expose exterior or interior structures with different
properties. However, the more dense and cross-linked structure of dendrimers give
these systems more favourable qualities compared to naturally occuring proteins. 

As a result of their more densely packed structure compared to natural proteins (see
Chapter 1), certain peptide-based dendrimer systems (e.g. MAP systems) show a sig-
nificantly increased resistance towards proteases.3 These dense protease resistant-
peptide dendrimeric structures very well mimic densely aggregated protein structures
sometimes observed in nature. In natural systems, protease resistance indicates exces-
sive formation of protein aggregates, a critical state observed in, e.g. amyloid fibrillar
diseases like Creutzfeldt Jakob’s or Alzheimer’s disease. Dendrimers with a partly
modified outer shell and a reactive core resulting in a more open surface structure
compared to a completely surface modified dendrimers, are found to be more prone
to form “megamers” (dendrimer aggregates), whereas perfectly shaped dendrimers
with a more closed shell do not show a likewise high tendency to aggregate.4

Dendrimer-based collagen mimics have recently been synthesised by Goodman’s
group.5 In these constructs, the denrimer is used as a building block to mimic a non-
globular collagen structure, showing that dendrimers, although being mostly globu-
lar shaped, may be used as mimics of non-globular structures. These collagen
mimics were based on a trimesic acid-cored dendrimer carrying three triple arm
forks decorated with the Gly-Nleu-Pro collagen mimetic sequence (Nleu = nor-
leucine). The three “triple forks” of peptide repeats form three triple-helical struc-
tures emerging from the trimesic core. These collagen mimics showed higher
triple-helical stability in comparison to similar constructs based on non-dendritic
scaffolds, and the higher stability was found to be independent on dendrimer con-
centration, thus being result of intramolecular stabilisation of the triple helical pep-
tide clusters. It is envisioned that these dendrimer-based collagen mimics may serve
as ideal scaffolds for further functionalisation to artificial enzymes, drugs or drug
delivery devices or other biomedical applications. 

Besides mimicking the building blocks for tissue formation, dendrimers may also
mimic the numerous of protein-based receptors utilised in nature for specific bio-
logical recognition. 
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Dendroclefts, a class of dendrimers (see Chapter 3), which are highly stereospecific
in recognising and binding of carbohydrates, have the ability to differentiate between
the anomeric forms of glucose, preferentially binding the β-anomer (Figure 6.1).

The dendroclefts show a generation-dependent behaviour in guest binding, where
the more “closed” high generation structure increases the interaction between the
PEG oxygen atoms and the carbohydrate, increasing the stereospecificity. With their
specific carbohydrate binding properties, the dendroclefts mimics the function of
lectins, which constitutes an important class of naturally occuring proteins involved
in carbohydrate-mediated signalling and binding.6

An alternative way of utilising dendrimers in the creation of artificial receptors,
i.e. mimicking the biological recognition processes was published recently by
Zimmerman’s group, who used dendrimers as “monomers” for molecular imprinting
in a supramolecular polydendrimeric network. In molecular imprinting, the poly-
merisation takes place in the presence of a substrate, which is subsequently selec-
tively removed to create a polymer with built-in substrate cavities (Figure 6.2).7 Such
imprinted polymers have been extensively investigated as artificial receptors,
thereby mimicking the biological recognition normally performed by proteins, e.g.
antibody-antigen or enzyme–substrate recognition.8 In the dendrimeric approach
dendrimers which contain a substrate (porphyrin) core and polymerisable surface
groups are polymerised creating a “poly-dendrimer” polymer containing numerous

N
H

O

NHN
NH

O

O
O

O
O

O

O

O

O

O

O

O

O
O

O
O

O

O

O

O O O

O
O

O
O

O

O

O

O

O

O O

O

O

O

O

O

O

O

O
O

O
O

NH

O

N
NH

HN

O

O
O

O
O

O

O

O

O

O

O

O

OOO
O

O

O

O

O
O

O

OOOO O

O

O

O

O O
O

O

O

O

O

O

O

O

O O O O

O

OH
O

OH

HO
HO

Figure 6.1 The structure of a G2-dendrocleft. The dendrocleft mimics the stereospecific
recognition between lectins and carbohydrates by preferential binding of the
β-anomeric glycosyl derivative6



porphyrins. The porphyrins are cleaved selectively from the cross-linked dendrimers
by hydrolysis of base labile ester bonds, forming multiple porphyrin cavities. The
resulting poly-dendrimer polymer was able to selectively recognise porphyrin with
a binding constant of 1.4 � 105 M�1. In comparison to molecular imprinting based
on traditional monomers, the use of dendrimers as monomer is advantageous
because of the ability to preform the monomeric dendritic hosts in a spatially well-
defined manner. The structural integrity of substrate cavities in the poly-dendrimer
skeleton should therefore be more uniform throughout the polymer, compared to tra-
ditional imprinted polymers.

Dendrimers mimicking the protein endostatin have been synthesised and investi-
gated as angiogenesis-inhibitors in cancer therapy.9 Endostatin, a small protein derived
from the C-terminal domain of collagen XVIII has shown good ability in inhibiting the
development of blood vessels (angiogenesis) in tumour tissues, disabling the tumour
metastasis growth (Figure 6.3). Endostatin has a cationic arginine-rich domain, which
binds negatively charged heparins and heparan-sulfates resident on the vascular walls.
These negatively charged carbohydrates act as stimulatory co-factors in the binding of
the “vascular endothelial growth factor” (VEGF) to receptors at the vascular wall. The
simultaneous dual binding of VEGF to heparin and VEGF receptors at the vascular
endothelia is a crucial step in the initiation of vascular development (Figure 6.3). To
ensure high metastasis and growth rate, VEGF is over-expressed in cancer tumours. 
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Figure 6.2 Two-dimensional schematic depiction of the use of dendrimers as monomers in
the formation of molecular imprinted supramolecular polymers7
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As endostatin mimics, G2- and G3-polylysine dendrimers were synsthesised with
multiple terminal arginine residues, thereby providing highly multivalent cationic
surfaces. In addition to G2- and G3-arginine-containing dendrimers, citrulline build-
ing blocks were utilised to create a more neutral urea-containing dendrimer surface.
The ability to bind heparin was found to be generation dependent as well as charge
dependent, with the G3-arginine dendrimer having the highest affinity for heparin,
and the urea-containing citrulline dendrimer having the lowest heparin affinity. Also,
in the test of antiangiogenesis properties, e.g. by CAM assay (chicken embryo
chorioallantoic membrane assay – the inhibition of blood vessel formation by meas-
uring the formation of an avascular zone inside the egg) the arginine-containing den-
drimers showed high anti-angiogenetic properties similar to endostatin and
angiostatin (heparin-binding proteins). 

The citrulline dendrimers showed low anti-angiogenetic activity, however, signif-
icant inhibition of angiogenesis was obtained at higher concentrations of citrulline
dendrimer, indicating that the presence of N-terminal protonised primary amines on
the dendrimer surface also have anti-angiogenetic properties similar to the guani-
dinium groups on the arginine-containing dendrimers. 

In addition to the use of proteins as “passive” building blocks in the build up of
skin- and tissue barriers or other biomaterials, proteins actively take part in a large
variety of biological processes, and mimicry of the specific properties of these mol-
ecules is an interesting task to get a deeper understanding of the intrinsic molecular
factors involved in these processes. Important functions of proteins in living systems
include the transport of electrons, e.g. in the cytochrome electron-transport systems,
or the transport of low-molecular species such as molecular oxygen. Both in the
electron transport and in the transport of molecular oxygen, haem-containing pro-
teins constitute an important group of proteins. 

Dendrimeric electron transporters: In cytochromes, long-distance electron trans-
fer, from the haem-group metal centres through the protein architecture towards
electron acceptors in the “electron transport chain” is a process strongly dependent
on the site isolation of the redox centre from the surroundings, thus similar electron
transfer reactions are not observed in unprotected haem-systems. As the conforma-
tions of higher generation dendrimers provide an interior environment with strongly
divergent properties from the solvent, these high-generation dendrimers should serve
as good artificial hosts for long-range electron transfer processes, not plausible with
unprotected haem-groups.10

Diederich’s group found that in dendritic cytochrome mimics the extent of den-
dritic branching, i.e. the dendrimer generation greatly influences the redox potential
of the Fe III/FeII couple. In apolar solvents like dichloromethane an increase in the
FeIII/FeII redox potential from �0.21 V to �0.10 V was observed going from G0 to
G1, where the redox potential of the G0 dendrimer resembles that of a bis-imidazole
ligand iron-porphyrin complex. The higher redox potential of the G1 adduct indicates
a strong shielding of the porphyrin system from the solvent by the dendritic wedges
(Figure 6.4).

When applying water as a solvent, a drastic change in redox potential was observed
when going to G2 adduct, showing that water because of its higher polarity interacts
more strongly with the porphyrin-iron complex, and hence a higher degree of shielding
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is needed to create a microenvironment. Interestingly, the redox-potential of the G2
adducts in dichloromethane and water are in the same magnitude, whereas larger dif-
ferences between the potentials in water and dichloromethane were observed in the
lower generation dendrimers. The similar redox potentials obtained under various sol-
vent conditions indicate that the increased shielding in the higher generation den-
drimers creates a microenvironment in the core, increasingly inert towards changes in
the surroundings.10

Dendrimeric zinc-porphyrin complexes mimicking natural zinc-porphyrins show
generation-dependent electronic behaviour. The mimics comprise carboxylic acid-
terminated Fréchet-type dendrons bound to the zinc-porphyrin core. While the den-
drimers have similar electronic properties (according to their absorption spectra) in
apolar solvents like dichloromethane, a strongly generation-dependent behaviour is
observed in polar solvents. Upon increasing the ionic strength or lowering the pH
resulting in a more “hydrophobic behaviour” of the dendritic porphyrin a decrease
in the strength of the porphyrin-specific transition (Soret transition) was observed.
This decrease in absorbance (hypochromicity) may be the result of a contraction of
the dendritic structure being increasingly hydrophobic relative to the surroundings,
resulting in increased energy transfer between the porphyrin and the aromatic
residues in the more contracted dendritic structure. Also, in interactions with methyl
viologen (MV), a commonly used positively charged electron acceptor and with neg-
atively charged electron acceptors (e.g. naphthalenesulfonate) in polar solvents, the
high-generation dendritic porphyrins show an almost inert behaviour upon change in
acceptor concentration. In comparison, the lower generation porphyrins with their
more open structure, show a better ability to interact with both positive and nega-
tively charged acceptors.11

PAMAM dendrimers with peptide-modified surfaces, capable of coordinating mul-
tiple zinc mesoporphyrins, have been applied as electron transporters in the enzy-
matic formation of hydrogen in artificial photosynthetic systems (Figure 6.5).12,13 In
contrast to the above-mentioned electron transport mimics, the present mimics have
multivalent zinc-porphyrin systems at their surfaces with a valence proportional to
the dendrimer generation. As consequence, it was found that the reduction of MV
was highly generation dependent, with increased reductive power upon increasing
generation. Electrostatic interactions between the dendrimer and MV proved to be an
important factor for the efficacy of single-electron transfer (S.E.T.) between the den-
drimer and MV. This electronic transfer is indicated by the formation of the blue MV
radical cation. As a consequence, the use of anionic PAMAM dendrimers gave poorer
electron transfer rates compared to cationic dendrimers, as the positively charged
MV was bound to the negatively charged dendrimer, thereby increasing the “back
electron-transfer” from MV to the dendrimer.

Also, non-porphyrin-based natural systems capable of electron transport such as
ferrodoxin have been mimicked by dendrimeric models based on an inorganic
iron–sulfur cluster core [Fe4S4(SR)4]

2� encapsulated by Fréchet-type dendrons.14 The
reversible single-electron transfer in these iron–sulfur clusters are well investigated.
Like the haem-containing systems, these systems show a generation-dependent
behaviour in electron transfer processes, whereas high-generation systems show the
strongest deviation in electronic properties from the unmodified core. The reduction
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of the core becomes increasingly difficult upon increasing generation as a result of the
increased shielding from the surroundings provided by the dendritic wedges.

Dendrimeric oxygen-transporters: Haem-containing proteins are, in addition to
their function as electron transporters, used for the storage and transport of molecu-
lar oxygen in many aerobic organisms. In proteins like haemoglobin or myoglobin,
π-electron donation from the molecular oxygen ligand results in an Fe(II) oxygen
complex. This low oxidation state is stabilised by protein encapsulation from the
redox-induced decomposition to peroxide and Fe(III). Nearby histidine imidazole
residues prevent this complex from oxidative decomposition by hydrogen bonding.
The introduction of a dendritic shell as a protein mimic opens up for facile well-
defined modulation of, e.g. hydrogen bonding and shielding properties, which may
give information on the factors influencing oxygen binding and oxidative decompo-
sition of these complexes.15 The favourable properties of dendrimer shells as protein
mimics for haem cores have been predicted on theoretical basis using computer sim-
ulations (molecular mechanics and molecular dynamics). The calculations conclude
that haem cores encapsulated in G1–G5 dendrons all are capable of forming stable
complexes with molecular oxygen, with increased stability for the G5 adduct.16

“Globin” mimics based on PEG-terminated polar amide dendrons as molecular
shields, have been shown to form stable complexes with molecular oxygen (Figure
6.6).17 This system did not show any significant generation-dependent increase in the
ability to bind either oxygen or carbon monoxide. However, the ability to form
hydrogen bonds to the oxygen ligand proved to be of great importance. A strong
decrease in complex stability was observed by exchanging the amide-containing
dendrons with dendrons containing ester moieties. In contrast to unsubstituted
amides, the ester functionalities are not capable of acting as hydrogen donors for
hydrogen bond interaction with the oxygen ligand. Also, the polarity of the solvent
has a great influence on the stability of the iron-porphyrin–oxygen complexes.
Applying water as solvent destabilises the complexes by disruption of the oxy-
gen–amide hydrogen bonds. In the dendrimeric systems, the binding of carbon
monoxide, although, being a π-acceptor ligand capable of forming strong complexes
with iron preferentially to oxygen, was hampered by sensitivity to sterical conges-
tion in the binding site. As a consequence preferential binding of oxygen relative to
carbon monoxide was found in these artificial Hb systems. Previous reported systems
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of similar structure containing a tethered axial imidazole similarly showed good
binding properties of oxygen, and were in addition to the binding of oxygen and car-
bon monoxide found to bind NO.18 In the natural haem proteins, the lack of sterical
congestion results in a preferential binding of carbon monoxide, since the binding
affinity in these systems are more governed by electronic factors.

Cross-linking of haemoglobin into clusters, may mimic the very high local con-
centrations of haemoglobin found in red blood cells, create powerful semi-synthetic
oxygen carriers, potentially useful as red blood cell substitutes in short-term treatment
accompanying blood transfusions. Dendrimers (G4-PAMAM) have been used as
“core” in high molecular weight (110–142 kDa) dendritic clusters having tetrameric
haemoglobin as terminal groups. Conjugation of tetrameric haemoglobin to the den-
drimer resulted in an increased oxygen-affinity accompanied by a reduced coopera-
tivity in oxygen uptake of the clusters in comparison to conventionally cross-linked
haemoglobin.19 In haemoglobin this cooperative effect leads to an increased oxygen
uptake upon binding of oxygen to one of the haemoglobin subunits. This cooperativ-
ity is a result of the changed geometry of the iron complexes upon binding of oxygen
leading to subsequent rearrangement of the protein structure. The reduced cooperativ-
ity in the clusters is attributed to the increased amount of haemoglobin–haemoglobin
interaction found in the clusters, in which the higher sterical congestion may hamper
the conformational induced changes by oxygen uptake and release.

6.3 Dendrimers as Artificial Enzymes
Although, the ability of dendrimers to mimic proteins is interesting in connection
with development of protein mimic-based biomaterials or transport vehicles, further

Dendrimers as Biomimics 161

Fe

N

N
H

H

O
O

N

N
H

Fe

O
O

N

N

H N

O

Dendron

Haem

NH

HNNH

O

O O

Dendron

DendronDendron

Protein

Figure 6.6 Stabilisation of oxygen binding, by hydrogen bonding in, left: haemoglobin and
right: dendritic haemoglobin mimic with loosely bound dimethyl imidazole as
axial ligand



modification of the dendritic molecules may take the protein mimicry a step further
– e.g. in the creation of artificial enzymes. In nature, the action of enzymes on a
molecular level is a highly complex matter involving multiple factors such as the
spatial arrangements of the peptide chain and side-chains with intrinsic electronic
properties (i.e. electron donor–acceptor). The well-defined spatial nature of the
enzyme active site leads to phenomena such as anchimeric assistance and fixation of
the reactants, which direct the enzyme towards specific substrates and specific
modes of action. In the active site of the enzyme these factors reduces the transition
state energy (lower activation energy) and consequently facilitates a particular reac-
tion sequence on the substrate. In addition, the hydrophilicity or hydrophobicity of
the active site may have a favourable effect in selective binding of substrates with
similar polarity, and repel substrates with different polarity. Conformational changes
in the protein as a consequence of participation of the active site in catalysis may
give rise to cooperative effects, increasing the specificity and function further.

The interaction of an enzyme with a substrate may, roughly be divided into two
parts:

● The “hosting part” – the ability of the enzyme, via specifically shaped cavities
and surface polarity potentials, to select a specifically shaped substrate, e.g. being
able to distinguish between enantiomers, epimers or regioisomers and polarity of
a certain substrate.

● The “action part” – the ability to perform certain chemical transformations, when
the properly shaped substrate is taken in.

At the present time, the reported number of synthetic molecules capable of both
these modes of action are sparse, however, numerous investigations on these two
fields separately is an ongoing exciting task. Molecular imprinting is an interesting
tool in the creation of “passive” receptors capable of differentiating between differ-
ent molecular shapes emulating the “hosting process” of enzymes and receptors
found in nature. Dendrimers have predominantly been used in the “action part” of
enzyme mimics, although, examples of dendrimers used to create the hosting part of
an enzyme mimic by molecular imprinting are known (vide supra).7 However, in
synthetic chemistry, catalysts in general do not have the ability of discriminating
between subtle differences in the molecular shapes of possible substrates. The use of
enzymes, or genetically modified “substrate tolerant” enzymes is, and will be very
useful tools in organic synthesis in years to come. 

Although enzymes are highly complex molecular machines designed to act on cer-
tain substrates in a highly specific way, the use of dendrimers as models, although
simplified, may give an insight into one of the intrinsic properties of enzymes,
namely, the site isolation from the surroundings. The microenvironment created
inside higher generation dendrimers may, in the case of dendrimers having polar scaf-
folds, create a polar interior even when the solvent surroundings are apolar. One such
example was reported by Fréchet’s group,20 who used a lipid-decorated Fréchet-type
dendrimer modified with a polar hydroxymethylated scaffold as catalyst for the uni-
molecular elimination of tertiary alkyl halides to alkenes in apolar media. This sys-
tem with its apolar surface and polar interior resembles the built up of a micelle.
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Although providing a greatly simplified picture of “enzymatic” activity, several
properties of this dendrimer resemble the action of an enzyme. The alkyl halide,
being polarisable is transported into the dendrimer interior, where the increased
polarity of the core polarises the reactant, and serve as driving force for the transport
of the reactant into the core. The adjacent oxygene lone-pairs of the dendrimer pro-
vide stabilisation of the cationic E1 transition state (T.S.) facilitating the formation
of the alkene (Figure 6.7). The alkene is then, due to its low polarity, transported out
of the core of the dendrimer into the apolar surrounding solvent. High conversion of
the alkyl halide substrates (90–99%) was achieved in the presence of less than 0.01
mol% dendrimer catalyst. Control experiments without presence of dendrimer,
resulted in no, or very low yields of the alkene.

In addition to the catalysis of E1- reactions, these dendrimers were found to catal-
yse SN2-type bimolecular substitution reactions between methyl iodide and pyridine,
leading to the N-methylated pyridinium compound. Like the E1 elimination reac-
tions, the SN2 reactions proceed through a polar transition state, which is similarly
stabilised by the polar dendritic interior. The E1 and SN2 catalytic activity of these
modified Fréchet-type dendrimers agrees well with investigations on polarity using
a p-nitroaniline solvatochromic probe, where the polarity of the surroundings affects
the spectral properties of the probe.21 Correlation between these investigations and
Taft’s solvent polarisability parameter22 shows that the interior of a Fréchet-type
dendrimer has a polarity similar to that of dimethyl formamide (DMF), which is also
a common solvent for facilitating reactions involving polar transition states.

Another enzyme mimic that also takes advantage of a specific type of interaction
between the substrate and the dendritic interior is bis-selenium-containing glutathione
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peroxidase (GPx) mimic (Figure 6.8). GPx is a seleno-containing enzyme present in
mammalian organisms, which protects a large variety of cellular systems from the
oxidative damage by catalysing the reduction of peroxides to the corresponding
hydroxyl compounds. In an artificial biosystem based on a bis-arylseleno core encap-
sulated by Fréchet-type dendrons, glutathione has been substituted with thiophenol as
the reductant. The catalytic reduction of hydrogen peroxide to water in presence of
dendrimer was catalysed in a generation-dependent way with increasing catalytic
activity upon increasing generation. The G3 dendrimer (1 mol%) gave an approxi-
mately 3000 times increase in reduction rate in comparison to the system without cat-
alyst.23 It is speculated that the initial intake of thiophenol into the dendritic interior
may be favoured by hydrophobic (π-interactions) between the aryl-containing
Fréchet dendrons and the aromatic thiophenol. This postulate was further confirmed
by the ability of the G3-dendrimer to form host–guest complexes with thiophenol
(Kass � 252.7 M�1). 

The best conversion rates for this system was obtained in polar solvent mixtures,
where the poor ability of the solvent to solvate the dendrimer catalyst result in a
more globular contracted conformation of the dendrimer, with higher shielding of
the catalytic site, and more favourable intake of thiophenol.

Breslow’s group24 used PAMAM dendrimers with a pyridoxal core in an attempt
to catalyse transamination, decarboxylation and epimerising reactions. Whereas the
catalytic ability of these systems in transamination or decarboxylation was not clearly
proven, these mimics showed to be good catalysts for the base-induced racemisation
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of amino acids (50–100 times rate increase) bound to the pyridoxal core via an imine
bond. The PAMAM scaffold, with its basic amines, serves as an ideal scaffold for this
base-catalysed reaction (Figure 6.9). Though not shown in these studies, these pyri-
doxal catalysts may be useful in the post-modification of polypeptide chains obtained,
e.g. by tryptic protein degradation or gene-expression because of their ability to
specifically catalyse L-D epimerisation of the N-terminal residue in the peptide chain.
Substitution of the peptide chain with one or a few D-amino acids often leads to
greatly enhanced stability towards enzymatic degradation in vivo, which is an impor-
tant tool in the development of peptide drugs. On the other hand, the biological activ-
ity may also depend on a specific stereochemical interaction, so the presence of
D-amino acids in peptide drugs may quench the drug activity of the peptide.

One class of enzymes that has been subject to intense investigation is the proteases
which catalyses the hydrolytic cleavage of peptide (amide) and ester bonds to the
corresponding acid and amine or alcohol. These enzymes are an important factor in
the digestion of proteins by tryptic degradation in the organism. The large substrate
tolerance of some proteases make them particularly useful as alternative reagents in
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synthetic organic chemistry. In addition to their hydrolytic activity under natural
conditions, the enzymatic activity of these enzymes may be reversed to form amide
bonds from the corresponding carboxylic acid and amine by careful control of the
solvent conditions. It was soon evident that the catalytic activity of this class of
enzymes relies on the presence of a catalytic triad in the active site consisting of ser-
ine, histidine and aspartic acid, and several synthetic and semi-synthetic compounds
have been utilised as carriers for multivalent presentation of this tripeptide sequence,
in order to create artificial proteases.25 Recently, dendrimers comprising the catalytic
triad have been synthesised using 3,5-diamino benzoic acid as the branching unit.26

These artificial proteases showed catalytic activity in hydrolysing a variety of
“active” ester substrates (active esters are particular electrophilic ester substrates)
following Michaelis-Menten kinetics with constants in the order of KMichaelis-Menten

~0.1–0.55 mM. Histidine plays a dominant role in the catalytic ester cleavage, pos-
sibly by participation of his-imidazole as nucleophilic catalyst, as well as electro-
static stabilisation of the oxoanion intermediate by protonated imidazole residue.
Aspartic acid similarly plays a role in the catalysis, albeit to a much lesser extent.
Aspartic acid may have a role in the electrostatic attraction of the cationic quinolin-
ium ester substrates, however, no clear indication was found in this regard. The cat-
alytic capacity of these dendritic peptides was found to be similar to previously
reported protease mimics based on, e.g. histidine containing four helix bundles.
Similarly, peptide dendrimers with a hydrophobic core (e.g. alanine or phenylala-
nine) with the catalytic triad present on the surface, show catalytic activity in the
hydrolytic breakdown of pyrene-1,3,6-trisulfonate-containing esters.27 Also here the
histidine plays a crucial role in the catalysis acting as a nucleophile as well as bind-
ing of the negatively charged pyrene esters to the protonised imidazole in the side-
chain. The electrostatic binding of the substrate prior to esterolysis seems to be
crucial, as no catalytic activity was observed upon introduction of neutral substrates.
Furthermore, the enzyme activity was inhibited by the addition of 1,3,6,8-pyrene-
tetrasulfonate, indicating that the blocking of electrostatic enzyme–substrate inter-
action also quenches enzyme reactivity.27

As an alternative approach to hydrolytic dendrimers modified at their surfaces
with the catalytic part of a hydrolytic enzyme, is conjugation of an entire enzyme to
the surface groups of the dendrimer (Figure 6.10). This strategy has been applied in
the synthesis of dendrimeric lipase enzyme mimics.28 As dendrimeric carrier G2 and
G3 poly-phenylene sulfide (PPS) dendrimers were utilised due to its high hydropho-
bicity, thermostability and the presence of easily derivatisable carboxylic moieties
on the surface. The hydrophobicity of the dendrimer may be an important factor in
preserving the structural integrity, and bioactivity of the lipase enzyme, as lipases
have an amphipathic structure comprising hydrophobic surface regions for enhanc-
ing the interaction with the lipid substrates.

The dendrimeric enzyme was tested in the lipase-catalysed hydrolysis of olive oil
to fatty acids, which is an industrial important process. Compared to free enzyme the
dendritic lipase had markedly increased thermal and pH stability, as a result of sta-
bilising intramolecular protein–protein interactions. As a consequence the catalytic
activity remained very high (98%) even after numerous catalytic cycles, and over a
wide pH and temperature range. The strategy of making dendrimeric enzyme clusters
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may be useful in industrial applications, where the demand for enhanced enzymatic
stability and durability is high.

PPI dendrimers surface modified with tungsten cyclopentadienyl complexes show
photo-induced nuclease activity towards double stranded plasmid DNA in vitro. The
basic PPI scaffold is a well-suited scaffold for initial electrostatic binding of the neg-
atively charged DNA backbone under physiological conditions. The dendrimeric
compounds showed higher efficacy in cleaving double as well as single-stranded
DNA compared to the monomeric compound. However, no clear generation effect
was observed, due to precipitation of dendrimer-DNA aggregates.29

6.4 Dendrimers as Artificial Antigens, Cell Surfaces
and Antibodies

As the use of dendrimers as scaffolds for subsequent surface modification gives easy
access to macromolecular structures having properties similar to the monomeric sur-
face groups, this methodology is highly useful for the creation of molecularly sim-
plified mimics of antigens, which with their complicated and sometimes highly
irregular molecular structures may otherwise be hard to synthesise.

In nature, carbohydrates in the form of poly- and oligosaccharides often bound as
glycoconjugates to proteins constitute an important class of compounds involved in
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numerous biological processes, ranging from inter- and intracellular events to recog-
nition processes taking place between cellular surfaces and various microbes during
infections. Carbohydrates being important building blocks in antigenic structures
derived from bacteria and bacterial components, as well as viral and bacterial recog-
nition points, are valuable targets for drug development purposes. Oligo- and poly-
saccharide mimicking bioisosters are valuable tools in pursuing a deeper
understanding of the biological recognition processes involving carbohydrates. As
we saw previously, numerous reports on dendrimers coated with carbohydrate
residues on their surfaces show that these constructs have good antiviral and anti-
bacterial activity (see Chapter 4). The function of these drugs, which interact with
bacterial surface lectins or viral haemagglutinins, relies on the ability of the dendritic
structure to mimic the cellular surface, thus acting as a competing artificial cell.

Carbohydrates have been utilised as branching core structure in the facile synthe-
sis of oligosaccharide mimics, which can be derivatised further with, e.g. a peptide
chain to create glycopeptide or glycoprotein mimicking structures.30 These simple
molecular constructs may serve as convenient mimics of the glycoprotein antennae
residing at the cellular surface, which are important participants in, e.g. recognition
processes with multiple lectins (adhesins) on bacteria prior to infection (see
Chapters 2 and 4). In contrast to the tedious methodologies applied in conventional
synthesis of polysaccharides, these building blocks are synthesised in good yields by
applying chemoselective peptide coupling strategies (Figure 6.11).

A similar strategy has been applied in the synthesis of “pure” oligosaccharide
mimics from branched mannosyl dendrimers containing triple antennae mannosylic
residues centred around a trivalent trimesic core.31 These procedures may be impor-
tant tools in the creation of otherwise complex oligosaccharides and glycoconjugates
with biological activity.

Alternatively, polysaccharide mimics can be created from commercially available
scaffolds, e.g. PAMAM dendrimers. In these designs the inter-sugar molecular dis-
tances are modulated in a single final conjugation step between the high number of
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surface functionalities on the dendrimer and the modified carbohydrate, however,
only highly symmetrical constructs can be made by this strategy. As the reaction
between the carbohydrate (or preformed carbohydrate cluster) has to take place under
mild and aqueous conditions, several methodologies from the well-established gly-
coconjugate field are taken into use, e.g. chemoselective amide, thiourea, urea for-
mation by the use of active esters, N-carboxyanhydrides,32 isothiocyanates or “active
carbamates”.

Although there are numerous reports on the use of glycodendrimers as artificial
cell surfaces in order to inhibit microbial invasion, utilising carbohydrates normally
found on cell surfaces, dendrimers covered with carbohydrates found on, e.g. cancer
cells may be of great interest in diagnostics and therapeutics, e.g. in vaccine devel-
opment (see Chapter 4). T-antigen, a disaccharide [β-D-Gal (1-3)-α-D-GalNAc]
which is over-expressed and closely associated with malignant carcinoma cells as a
result of aberrant glycosylations.33 Glycodendrimers bearing this antigen serve as
artificial densely carbohydrate-exposing cancer cells, which may be useful derivatives
for the raising of T-antigen specific poly- and monoclonal antibodies, or by applying
the appropriate immuno-modulators may have vaccine properties (Chapter 4).
PAMAM dendrimers (G1–G3) have been applied as macromolecular carrier protein
mimics for carrying penicillin.34 The multipenicilloylated dendrimers may act as
artificial multivalent antigens. By utilising dendrimers as carrier molecules a higher
density and well-defined number of haptens can be carried per molecule in compari-
son to traditional carrier proteins, e.g. human serum albumin. Another disadvantage
of using proteins as carriers for haptens is the resulting heterogeneous derivatisation
of the protein as the reactive groups on the protein are heterogeneously located.
Synthetic linear polymers for carrying a high number of haptens, e.g. poly-lysine do
not have a well-defined (i.e. monodisperse) structure, and by conjugation, a mixture
of conjugates may be obtained. In addition, the coiling and folding of linear polymers
give rise to an infinite number of three-dimensional structures.

As penicillin with its β-lactam structure, is sensitive to nucleophilic attack, this
sensitivity was applied in the conjugation with the surface amines of the denrimer,
thereby creating a dendrimer with numerous pseudo-penicillin structures at its surface
(Figure 6.12)
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Interestingly, in this case, a complete surface modification of a G3-PAMAM was
facilitated at low temperatures, in contrast to the conventional thinking of heating the
mixture in order to drive the reaction to completion. The dendrimers were tested as
multivalent antigens compared to monomeric penicillin, which were reacted with
butyl amine for the formation of a ring-opened pseudo-penicillin structure similar to
the structures exposed on the dendrimer surface. The relative dendrimer–antibody
binding affinities (IgE-antibodies) showed an increase in affinities with increasing
dendrimer generation, the G3-PAMAM-penicillin adduct having a 100-fold increase
in IgE affinity compared to the monomeric penicillin compound. This pronounced
increase in binding affinities may indicate a dendritic or synergistic effect upon
increasing the generation of the dendrimer, and may also increase the specificity of
antibody recognition process.

G2-dendrons, functionalised with multiple aldols at their surfaces are found to be
substrates for the antibody 38C2 catalysing the retro-aldol reaction under the forma-
tion of a dendron covered with multiple aldehyde functionalities.35 In this case the
dendron acts as an artificial antigenic substrate, which pave the way for highly biospe-
cific recognition and subsequent degeneration of aldol-containing dendrimers, e.g. for
the liberation of drugs from dendrimeric drug delivery devices (see Chapter 3).

6.5 Summary
Dendrimers are versatile tools for the creation of mimics of the great variety of func-
tional molecules found in nature. The utility of dendrimers in their mimicry of colla-
gen-like proteins rely on their dense (relative to e.g. proteins) well-defined structure,
facilitating and stabilising the formation of tertiary and quartenary structures, which
may lead to higher mechanical strength of these materials compared to their natural
counterparts. The dense dendritic cage found in the higher generation dendrimers
encapsulates the core region to create a microenvironment with properties different
from the surroundings. This encapsulation effect is highly useful for the mimicry of
enzymes, where one important function of the protein shell around the active site is
to provide site isolation from the surroundings. In nature, however, the protein shell
plays a dual role, in that the protein shell furthermore has a shape and polarity surface
that fits the substrate. Also in the formation of substrate-specific molecular pockets,
dendrimers can play an important role, as dendrimers formed around a core structure,
due to their dense structure, creates a well-defined imprinted pocket of the core. The
molecular imprinting methodology implemented by Zimmerman’s group, may open
up for the possibility, not only to make “passive” receptors for various substrates, but
also in, e.g. combination with formation of basic, or hydrogen bonding groups, to
facilitate, e.g. E1- or SN2 reactions on substrates having certain three-dimensional
molecular shapes, thus creating enzyme mimics that more closely resemble the sub-
strate recognition and subsequent transformation observed in nature. The multivalent
surface of dendrimers can be modified with enzymes forming multivalent enzyme
clusters, with higher robustness and activity in comparison with the corresponding
natural enzymes. Dendritic haem compounds such as “globin” and cytochrome
mimics show properties resembling their natural counterparts, accompanying their
mimicry of the oxygen and electron-transport properties. Furthermore, these
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dendrimeric haem-containing systems are beginning to constitute a new class of
macromolecular reagents utilised in organic synthesis.36

Dendrimers covered with carbohydrates present on the cellular surface, may act
as mimics of oligosaccharide antennae or act as artificial cells. As we have seen in
Chapter 4, the ability to mimic the cellular surface, make these dendritic reagents
well suited as drugs for the inhibition of the initial adhesion processes taking place
prior to bacterial and viral infections.

In contrast to natural systems, the synthetic dendrimeric systems, which emulate
the action of a given biomolecule, are generally more stable with less conformational
responsive behaviour towards changes in the surroundings.
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