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1.1

Overview

Dendrimers are nano-sized, radially symmetric molecules with well-defined, ho-

mogeneous and monodisperse structure consisting of tree-like arms or branches.

Over the past two decades since the term ‘‘dendrimer’’ was formally defined, re-

search interest in these molecules has gradually evolved from a primary focus on

overcoming purely synthetic challenges to include aesthetic and theoretical per-

spectives, and, more recently, with the ongoing flurry of ‘‘nanobiotechnology’’ ad-

vances, to develop practical and commercial applications for these elegant nano-

devices. Today, a critical mass of knowledge exists to synthetically control the

physicochemical properties of dendrimers and thereby govern their ensuing bio-

logical behaviors. These fundamental scientific advances, coupled with practical

methods to covalently conjugate a wide range of bioactive molecules to the surface

of a dendrimer or encapsulate them as guest molecules within void spaces, provide

a highly versatile and potentially extremely powerful technological platform for

drug delivery. This chapter recaps synthetic advances in dendrimer construction

and summarizes the many features of these fascinating macromolecules that

endow them with favorable properties for drug delivery applications. Finally, with

this enticing technology having matured to the point where it is ready to confront

‘‘real-world’’ challenges, a synopsis is outlined of the prospects for exploiting

dendrimer-based nanodevices for one of the most intractable medical challenges,

the diagnosis and treatment of cancer.

1.2

Introduction

The discovery, design, and development of anticancer therapeutic agents have

proven to be remarkably intractable despite intense efforts at the research and clin-

ical levels over many decades. A brief consideration of the challenges facing an
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anticancer drug illustrates some of the reasons for frustratingly-slow progress: first

the drug must be able to seek out subtle changes that distinguish a transformed

cell from the other 200 or so types of healthy cells found in the body and then pro-

vide a sufficiently high dose of a toxic agent to kill the cell. The difficulty of this

task is amplified by the potential metastasis of cancer cells to widely-spread niches

throughout the body, each with unique properties. Furthermore, to successfully

cure a patient, each and every cancer cell must be eradicated because even one in

a thousand – often harboring latent resistance – can re-grow into a second tumor

refractory to therapeutic intervention.

Readers of this chapter, contained within a volume devoted to the development

of novel cancer therapeutics, do not require convincing of the difficulty of combat-

ing cancer and this issue will not be labored here. Instead, this chapter provides a

broad overview of dendrimer-based nanotechnologies for the treatment of cancer

with a consideration of their synthesis, the encapsulation and covalent attachment

of drugs, and various strategies used for tumor specific targeting, imaging, and

therapy. The discussion of specific topics begins with a description of the basic

properties of dendrimers in Section 1.3 to highlight how these molecules lie at

the interface between conventional synthetic polymers and the archetypical nano-

sized biological polymers, proteins. Section 1.4 briefly outlines the synthesis of

dendrimers; exhaustive review articles (referenced therein) provide a wealth of syn-

thetic detail beyond the scope of this discussion. This chapter aims to provide the

reader with the knowledge that, by control of design parameters, the attributes of

dendrimers can be tuned to incorporate the most desired features of synthetic poly-

mers and proteins and, thereby, gain exquisite control of biological activity.

Upon having established that dendrimers are synthetically-tractable, biologically-

compatible nano-devices, their unique suitability for drug delivery will be de-

lineated in some detail in Section 1.5. Specific topics covered include the alter-

native drug-carrying strategies of encapsulation (Section 1.5.2) and covalent

conjugation (Section 1.5.3), as well as design features needed to ensure bioactivity

of the drug (Section 1.5.4) and the biocompatibility of the dendrimer (Section

1.5.5). Finally, with the multi-disciplinary set of tools required for dendrimer-based

drug delivery now reaching maturity, this area of investigation is undergoing trans-

formation from the developmental stage to ‘‘real-world’’ applications. Accordingly,

Section 1.6 discusses the prospects for using dendrimer-based nanotechnologies to

overcome arguably the most difficult biomedical problem now faced, the diagnosis

and treatment of cancer. In particular, the general properties of dendrimers that

make them attractive for cancer treatment will be outlined in Section 1.6.1, with a

specific benefit – exploitation of the enhanced permeability and retention effect

that allows passive accumulation at the sites of tumors – discussed in Section

1.6.2. The ability of dendrimers to serve as a technological platform for multi-

functional nano-devices that include targeting, imaging, and/or cytotoxic modal-

ities is discussed in Section 1.6.3 and their prospects for diagnosis and therapeutic

applications are given in Sections 1.6.4 and 1.6.5, respectively. Finally, Section 1.6.6

gives a brief synopsis of innovations that promise to speed progress in the near

future.
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Together – while broader in scope than the typical discussion of dendrimers,

drug delivery, or cancer therapy – this chapter provides an integrated look at the

many considerations required for successful application of dendrimers for cancer

therapy. For a more-in-depth consideration of any particular sub-topic, the inter-

ested reader is urged to consult the many original research reports and review ar-

ticles cited throughout.

1.3

Basic Properties and Applications of Dendrimers

1.3.1

Structural Features and Chemical and Biological Properties

1.3.1.1 Basic Features of Dendritic Macromolecules are Inspired by Nature

Dendritic structures, characterized by hyperbranched subunits, are widely found in

nature. Indeed, the word dendrimer is based on the Greek words ‘‘dendron’’ mean-

ing ‘‘tree’’ or ‘‘branch’’ and ‘‘meros’’ meaning ‘‘part’’ [1, 2]. Taken literally, similar-

ities with dendrimer macromolecules are illustrated by a tree, where the leaves of a

tree are maximally displayed on a highly-branched scaffold to maximize their ac-

cessibility to the outside world to optimize functions such as light harvesting. The

branches of a tree can modify the environment within them, similarly the core/

interior encapsulated within a dendrimer can provide a sheltered microenviron-

ment with tailored chemical properties and reactivities [2]. In addition to actual

trees, Nature has scaled dendrimeric structures down to the multi-centimeter level

(the intricate neural pathways found in the brain), the millimeter level (ice crystals

and snowflakes), and yet further to the micron level (the dendritic outgrowths of

neurons). At a molecular, ‘‘nano-size’’ level, dendrimer-like molecules, such as

branching polysaccharides, provide an elegant solution to a cell’s need to stably

store high energy molecules like monosaccharides; the presence of many chain

ends allows the rapid release of large numbers of glucose monomers when needed

[3].

Unlike Nature, which provides dendritic structures in a range of sizes from real

trees to the namesake molecular nano-sized structures, this chapter focuses exclu-

sively on dendritic macromolecules that are of a synthetically tractable scale and

appropriate for cancer therapy. Starburst1 clusters [4], made of poly(amidoamine)

(PAMAM) units, are arguably the most-thoroughly characterized and extensively-

utilized dendrimers [5]. A basic characteristic of these molecules is their layered

composition – known as ‘‘cascades’’ or ‘‘generations’’ [1] (Fig. 1.1). The overall

shapes of dendrimers range from spheres to flattened spheroids (disks) to

amoeba-like structures, especially in cases where surface charges exist and give

the macromolecule a ‘‘starfish’’-like shape [6].

The exact morphology of a dendrimer depends both on its chemical composition

(the chemical composition of PAMAM dendrimers is shown in Fig. 1.1) as well as

on the generation number, as exemplified by PAMAM where the lowest generation
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Fig. 1.1. Schematic representation of a

generation G4 dendrimer with 64 amino

groups at the periphery. This dendrimer starts

from an ethylene diamine core; the branches or

arms were attached by exhaustive Michael

addition to methyl acrylate followed by

exhaustive aminolysis of the resulting methyl

ester using ethylene diamine [36]. This

sequence of reactions was applied in an

iterative fashion to increase the level of

generations. The periphery of successive

generations is marked by grey circles, starting

from G0, G1, G2, G3 and G4. Of note,

distinctive features of dendrimers, including

the densely-packed membrane-like arrange-

ment of surface functional groups, the forma-

tion of internal cavities, and the condensation

into globular structures (not shown), are

typically manifest at the G4 stage (and amplified

in successive generations, Table 1.1).
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structure (e.g., G0 and G1) have highly asymmetric shapes and posses open struc-

tures compared with higher-generation structures that first appear to be disk-like

and then progress to increasingly spherical geometries [5] as they assume globular

structures with a significant reduction in hydrodynamic volume [7]. In addition to

sphere-like dendrimers – based on a ‘‘dot-like’’ core (Fig. 1.1) – increasing interest

is developing in cylindrical dendrimers that are based on ‘‘rod-like’’ cores. These

interesting spin-off macromolecules have been compared with spaghetti because

they can be rigid like the uncooked form of this pasta or highly flexible like the

cooked form; these properties can be tuned based on the chemical composition

and density of packing of the dendritic branches [6]. Additional features of den-

drimers are discussed below, by comparison with the two classes of molecules

they are most often likened to, i.e., ‘‘conventional’’ synthetic polymers and, the

most extensively studied biological polymer, proteins.

1.3.1.2 Comparison of the Properties of Dendrimers and Conventional Synthetic

Polymers

Dendrimers have both similarities and differences when compared with traditional

polymers. One similarity is the vast diversity in the basic monomeric building

blocks used to create both classes of molecules and to provide the final macro-

molecular products with a wide range of chemical, mechanical, and biological prop-

erties. Until recently, polymer chemistry has been focused on the production of

linear polymers that often have a degree of branching or crosslinking; this property,

however, is dramatically limited by comparison to dendrimers whose entire iden-

tity is wrapped up in their hyperbranched character. Interestingly, highly-branched

polymers of the same material can be vastly different from conventional polymers

of a similar molecular weight and composition; in particular, as dendritic macro-

molecules progress in size, usually when becoming larger than the third genera-

tion (G3), they assume globular structures and occupy considerably smaller hydro-

dynamic volumes than linear polymers [1].

When dendrimers condense into globular structures, a feat rarely achieved with

linear synthetic polymers, their many termini become fixed into an outwards ori-

entation and also form a densely packed, membrane-like surface (Fig. 1.1). This

structural arrangement provides numerous attachment points for covalent conju-

gation of bioactive molecules on the surface as well as enclosed cavities for occlu-

sion of guest molecules within the dendrimer. This tight packing ultimately results

in the reaching of a critical branched state – known as the ‘‘starburst effect’’ [4] –

where growth of the dendritic macromolecule is dramatically hindered by steric

constraints [8] (this state is reached at G10 or G11 for PAMAM, Table 1.1). Den-

drimers also have dramatically different rheological properties than conventional

polymers; viscosity tends to increase continuously with molecular mass for linear

macromolecules whereas the intrinsic viscosity of dendrimers goes through a max-

imum at approximately the fourth generation and then declines [8, 9]. Finally, den-

drimers have a negligible degree of polydispersity because, unlike classical poly-

merization that is random in nature and produces molecules of various sizes, the

size of dendrimers can be carefully controlled during synthesis. Under ideal condi-
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tions, preparations of dendrimers are monodisperse, which is to say they have one

molecular weight instead of the range, over tens or even hundreds of kDa, often

seen for traditional synthetic polymers. Indeed, the homogeneity and uniformity

of dendrimers of successive generations becomes strikingly obvious as shown by

the tunneling electron microscopy (TEM) images for G5 to G10 PAMAM (Fig.

1.2) [10].

1.3.1.3 Comparison of the Properties of Dendrimers and Proteins (a Biological

Polymer)

As discussed above, dendrimers have unusual, often dramatically different, charac-

teristics compared with conventional synthetic polymers. In fact dendritic mole-

cules have often been compared with proteins, which are the workhorse biological

polymers. Both classes of macromolecules are globular, are composed of precisely

controlled monomeric units, have defined architectures, are of comparable size

(Table 1.1), and have surfaces with chemically-reactive sites that can be endowed

with biologically-compatible ligands found on proteins (such as glycosylation, Sec-

tion 1.4.3.2). Moreover, the interior of a dendritic molecule, reminiscent of a pro-

tein, can harbor unique microenvironments, providing behaviors like redox chem-

istry, molecular recognition, ligand and substrate binding, and catalysis [11, 12].

The ability to create and exploit isolated nanoenvironments within a dendritic shell

is derived from two main properties of a dendrimer. First, dendritic macromole-

cules adopt a semi-globular or fully globular character containing internal void

Tab. 1.1. Generation by generation specifications for PAMAM

Starburst4 dendrimers. (Adapted from Ref. [5].)

Generation Physical or structural parameter

Molecular weight

(Daltons)

Diameter

(Å)

Surface groups

(xNH2)

Radius of

gyration (Å)

G0 517 15 4 4.93

G1 1430 22 8 7.46

G2 3256 29 16 9.17

G3 6909 36 32 11.2

G4 14 215 45 64 14.5

G5 28 826 54 128 18.3

G6 58 048 67 256 22.4

G7 116 493 81 512 29.1

G8 233 383 97 1024 36.4

G9 467 162 114 2048 46.0

G10 934 720 135 4096 55.2

G11 1 869 780 167 8192 68.3
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spaces once they reach the fourth generation in size (Fig. 1.1) [8], enabling the en-

capsulation of protein-like functions, including catalysis [13, 14]. Second, these

molecules have molecular flexibility and can undergo deformations, leading to ru-

dimentary ‘‘lock and key’’ molecular recognition of the type vitally important to

protein functions [15, 16].

Molecular recognition between molecules is a fundamental process in biology

and chemistry without which life could not exist. The concept of molecular recog-

nition, based on complementarity between the receptors and substrates, is very

similar to the ‘‘lock and key’’ function first described by Emil Fischer over 100

years ago. In biology, the ‘‘lock’’ is the molecular receptor such as a protein or en-

zyme and the ‘‘key’’ can be regarded as a substrate such as a drug or ligand that is

recognized to give a defined receptor–substrate complex [15]. In proteins, molec-

ular recognition is largely driven by non-covalent forces such as hydrogen bonding,

electrostatics, van der Waals forces, p–p interactions, solvent-dependent interac-

tions including hydration forces, and conformational energy [17]; notably, all of

these parameters can be controlled in dendrimers through synthetic design. The

inherent ability of dendrimers to achieve molecular recognition of biological fea-

tures, if it can be successfully developed to a level of sophistication where it can

be exploited for the recognition of the surface biomarkers that distinguish cancer

Fig. 1.2. Transmission electron microscopy

(TEM) of PAMAM dendrimers. Dendrimers

were positively stained with aqueous sodium

phosphotungstate and imaged by conventional

TEM: (a) G10, (b) G9, (c) G8, (d) G7, (e) G6,

(f ) G5. The scale bars indicate 50 nm, and a

small amount of G10 has been added as a

focusing aid for G6 and G5. (Reprinted with

permission from Jackson and coauthors [10].

Copyright 1998 by the American Chemical

Society.)
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cells from healthy cells (Section 1.6.3), has important – and extremely beneficial –

implications for drug delivery (Section 1.5).

Although sharing many superficial features, a close inspection reveals important

differences between dendrimers and proteins. For example, remaining on the topic

of deformability and flexibility, the linear, folded chain of a protein is more tightly

packed but also has a greater potential for flexibility (when a comparison is made

between the fully folded and unfolded states of a peptide chain) than is possible

for the branches of a dendrimer. Only a small proportion of the potential flexibility

of a protein, however, is usually available for ‘‘induced fit’’ interactions because the

extensive unfolding of a protein is highly thermodynamically unfavorable. By com-

parison, although the extensive covalent bond networks within a dendrimer pre-

vents complete unfolding under any condition, this arrangement does provide

sufficient flexibility to allow dramatic – albeit somewhat thermodynamically

unfavorable – deformations fairly readily [18]. Next, to consider dendrimer surfaces

in comparison with proteins, synthetic dendritic macromolecules can be given a

significant repertoire of tunable characteristics not found on natural proteins; this

feature has greatly propelled the development of practical applications for these

molecules. In particular, the surface of a protein contains a relative sparse comple-

ment of chemically reactive and accessible functional groups because most amino

acid side chains are buried with the globular structure of the protein. By contrast,

virtually all of the termini of dendritic branches, which can be customized with a

wide range of chemical functionalities (Fig. 1.3), are oriented outward and are

highly accessible on the surface of the dendrimer (Fig. 1.1). The consequent ability

of a dendrimer to be functionalized with far more surface groups than a protein of

comparable size [1, 19] has provided impetus to their widespread use as drug de-

livery vehicles.

1.3.2

Dendritic Macromolecules Possess a Wealth of Possible Applications

Within the past decade, the success of chemists in synthesizing mimics of natural

dendrimers with a plethora of interesting physicochemical properties at the nano-

scale has spurred efforts to find practical uses for these versatile nanodevices. Now

that efforts to synthesize these molecules have reached fruition, there is a pleasing

circularity that certain applications mirror natural processes considering that den-

dritic molecules were initially inspired by nature. In a dramatic example, a primary

function of the leaves of real trees is for light harvesting; now, synthetic den-

drimers have been created with highly-efficient light-harvesting antennae as well

[8, 20]. Similarly, the dendritic network of hairs found on the Gecko foot that al-

lows amazingly strong attachment to many types of surfaces through van der Walls

forces [21] has led to efforts to create new forms of adhesives that are unaffected by

the roughness, smoothness, wetness, or other macroscopic properties of the sur-

face while providing strong but reversible adhesion. In addition to these two exam-

ples, many novel applications such as the exploitation of organometallic den-

drimers as quantum dots for imaging, the solubilization of hydrophilic dyes in
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Fig. 1.3. Structural options for dendrimer-

based drug delivery. Dendrimers can be

synthesized with neutral surfaces (1) and
positive (2) or negative (3) charges at the

periphery; moreover, dendritic macro-

molecules, generally when larger than

G3, can harbor non-covalently encapsulated

guest/drug molecules [4 and discussion in

Section 1.5.2]. An alternative strategy for drug

delivery is through covalent conjugation of

ligands (‘‘A’’ in 5) to the surface of the

dendrimer (Section 1.5.3). The versatility of

dendrimers for drug delivery is illustrated by

considering that ‘‘A’’ could be a targeting

ligand (Section 1.6.6.3) and the active drug

could be encapsulated within the same

macromolecule (6). Synthetic strategies are
now available for providing dendritic clusters

with extremely high densities of surface ligands

(7) and for providing more than one type of

surface ligand, either in a random orientation

(8), or in blocks (9). The latter dendrimers are

now being exploited in sophisticated cancer

cell targeting (Fig. 1.4) and drug release

(Section 1.5.3.3) strategies where A, B, and C

can be any combination of targeting agents,

drugs, contrast agents, or functional groups

that improve pharmacological properties.
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apolar dendritic ‘‘solvents’’ [22], use as chemical catalysts, and in electronics as in-

sulated molecular wires, light-emitting diodes, or fiber optics [12, 23, 24] have been

reported. Besides their use for drug delivery and cancer therapy, the many emerg-

ing chemical, synthetic, research, and industrial uses for dendrimers are outside

the scope of this article and will not be discussed further; the interested reader

can consult chapter articles [1, 2, 11].

1.4

Methods for Dendrimer Synthesis

1.4.1

History and Basic Strategies

The ability to create homogeneous molecules with defined dendritic architecture

and novel physicochemical properties at the sub-nano to nano-size scales occurred

in chronological synchrony with the wide-spread application of nanobiotechnology

to biology and medicine. Consequently, the parallel development of synthetic

chemical methodology and the ever-increasing application of nano-tools in bio-

medicine triggered an explosive growth in the new field of dendrimer synthesis.

This growth is evidenced by a cursory search for ‘‘dendrimers and synthesis’’ in

the Web of Science database, which reveals that@2000 articles have been published

on this topic since 1986. Clearly, a full discussion is beyond the scope of this re-

port; excellent accounts and review articles on the synthesis of dendrimers by pio-

neers of the field have appeared at regular intervals [25–32] and are cited through-

out this chapter. Nonetheless, a working knowledge of the chemical properties of

dendrimers is critical to successfully devise efficacious therapeutic strategies with

these versatile, but temperamental, macromolecules (as described in detail in Sec-

tions 1.5 and 1.6). Accordingly, we next provide an outline of the basic strategies

and building blocks employed in dendrimer synthesis, with an emphasis on fami-

lies of dendritic molecules that possess special properties – such as possessing

cavities in their interiors suitable for host–guest complexation similar to enzyme–

substrate complexes or displaying several functional groups on their surface appro-

priate for sophisticated drug delivery strategies – relevant to the field of biology and

medicine.

1.4.1.1 Cascade Reactions are the Foundation of Dendrimer Synthesis

Although the term ‘‘dendrimer’’ was coined by Tomalia and coworkers less than

two decades ago, the basic cascade or iterative methods that are currently employed

for synthesis were known to chemists much earlier. For example, similar schemes

form the basis of solid phase peptide synthesis. In turn, biology has long exploited

similar iterative strategies in biochemical synthetic pathways; one example is pro-

vided by fatty acid biosynthesis [33]. Focusing on dendrimers, these macromole-

cules are constructed by performing simple chemical reactions in a repetitive or

iterative manner by using small building blocks. In 1978 Vögtle and coworkers re-
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ported a similar approach, termed as cascade reactions, for the construction of

nonskid-chain-like poly-aza macrocyclic molecules with well-defined architectures.

Cascade synthesis is defined as ‘‘reactions where a functional group (e.g., amine) is

made to react in such a way as to appear twice in the subsequent molecule or prod-

uct’’ [34] (Fig. 1.4A). In the first step of the synthesis a primary or secondary

amine was reacted with excess acrylonitrile in a Michael reaction to obtain a prod-

uct with two arms [bis(2-cyanoethyl)amines]. In the second step the nitrile groups

were reduced using cobalt(ii)/sodium borohydride to generate a new set of pri-

mary amine groups on both arms. The newly generated amino groups were then

subject to identical reaction sequences iteratively to obtain the desired oligo-amine

compounds.

Fig. 1.4. Synthetic approaches to dendrimers.

(A) Cascade reaction sequences developed for

the synthesis of ‘‘non-skid-chain like’’ polyaza

macrocyclic compounds [34]. (B) Divergent

approach – synthesis of radially symmetric

PAMAM dendrimers using ammonia as the

trivalent core; the generations are added at

each synthetic cycle (two steps), leading

to an exponential increase in the number of

surface functional groups [36]. (C) Convergent

approach – synthesis of dendrons or wedges

or branches that will become the periphery

of the dendrimer when coupled to a

multivalent core in the last step of the

synthesis [40].
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In 1985 Newkome and coworkers reported the synthesis of cascade molecules

consisting of hydrocarbon core and shell with alcohol groups on the surface. These

synthetic efforts were inspired by the Leuwenberg model of arboreal design; hence

they named their synthetic macromolecular tree-like molecules ‘‘arborols’’ (Latin:

arbor ¼ tree). Interestingly, characterization of these molecules showed they could

be considered to be unimolecular micelles possessing cavities for encapsulation

[35], a property that foreshadowed today’s efforts to use dendrimers for the delivery

of encapsulated small molecule drug candidates (Section 1.5.2).

1.4.1.2 Dendrimer Synthesis has Expanded Dramatically in the Past Two Decades

In 1986, Tomalia and coworkers coined the now popular name ‘‘dendrimers’’

(Greek: dendron ¼ branch or tree-like) for radially symmetric branched molecules

and reported the application of cascade synthesis for the synthesis of starburst den-

drimers [36]. These researchers obtained homogeneous dendrimers by using a

synthetic sequence of two simple reactions: (a) exhaustive Michael addition of am-

monia to methyl acrylate and (b) exhaustive aminolysis of the resulting tri-ester de-

rivative by ethylene diamine. The acrylate addition and aminolysis were repeated in

an iterative manner, with excellent yields in each step, to prepare various molecules

with increasing molecular weight and generations (Fig. 1.4B). The products with

ester groups at the exterior were defined as G(mþ 0.5) generations and those

with amine groups at the exterior were defined as G(m) (Fig. 1.1). This simple

methodology is both powerful and versatile as it provided the ability to synthesize

dendrimers with various surface properties. For instance, the ester groups could be

hydrolyzed to present negatively charged carboxylate functional groups at the pe-

riphery or the amine groups could be protonated to present positive charges at

the periphery. Electron micrographic studies showed the dendrimer with carboxy-

late groups of generation, G ¼ 4.5, to be highly monodispersed with a diameter of

88G 10 Å, compared with the theoretical value of@78 Å. These dendrimers, when

covalently attached to a polymeric backbone, were called ‘‘starburst polymers’’ or,

less commonly, ‘‘cauliflower polymers’’ [7, 28].

1.4.2

Strategies, Cores, and Building Blocks for Dendritic Macromolecules

1.4.2.1 Dendrimers are Constructed from Simple ‘‘Building Blocks’’

In terms of synthesis, dendrimers can be constructed by using simple chemical re-

actions and building blocks reminiscent to the modular assembly of ‘‘LEGO’’ toys.

Due to the ease, simplicity and repetitive nature of the synthetic methods, den-

drimers based on organic, inorganic and organometallic molecular building blocks

with greater than hundred different compositions are currently known, and new

designs continue to be reported at a fast pace. In general, dendrimers consists of

three major regions – (a) an initiator core, (b) a shell with extending arms or

branches made of building blocks and (c) the exterior or outer-most surface groups

on the termini of the branches.
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There are innumerable ways of designing dendrimers [37–39]. For instance, the

symmetry of the initiator core (Fig. 1.1) can be varied by using a wide range of

molecules, which have included ammonia, a,o-diaminoalkanes, tri-substituted

benzene, oligo- or polyalcohols, nucleic acids, amino acids, lipids, carbohydrates,

or heteroatoms; many additional permutations are possible, e.g., the number of

branching units in the initiator can be increased (tri- or tetra- or higher valency

cores have been reported). Once the core moiety has been selected, options for the

synthesis of the dendritic branches are equally numerous as various types of build-

ing blocks can be used, either singly or in combination with each other in the same

dendritic macromolecule. The lengths of the dendritic arms, the nature of the sur-

face, and the display of terminal functional groups can all be customized.

1.4.2.2 The Synthesis of Dendrimers Follows Either a Divergent or Convergent

Approach

Dendrimers can be synthesized by two major approaches. In the divergent

approach, used in early periods, the synthesis starts from the core of the dendrimer

to which the arms are attached by adding building blocks in an exhaustive and

step-wise manner. This process provides dendrimers with incrementally increasing

generation numbers. However, only one type of reaction can be performed at each

step, giving a uniform display of only one functional group on the exterior surface;

moreover, defects in successive generations can arise due to incomplete reactions

or steric hindrance (Fig. 1.4B).

In the convergent approach, pioneered by Fréchet and coworkers [40], synthesis

starts from the exterior, beginning with the molecular structure that ultimately be-

comes the outer-most arm of the final dendrimer (Fig. 1.4C). In this strategy, the

final generation number is pre-determined, necessitating the synthesis of branches

of the various requisite sizes beforehand for each generation [31]. Small branches

or dendrons are synthesized starting from the building blocks containing surface

groups; these assemblies are then condensed with a multivalent core. This

approach is versatile in the sense that branches of different molecular composition

can be linked to a single core molecule, introducing regional variations on the final

dendrimer (Fig. 1.3); this strategy also minimizes the introduction of defects at var-

ious stages of synthesis.

1.4.3

Heterogeneously-functionalized Dendrimers

1.4.3.1 Basic Description and Synthetic Considerations

By simultaneously conjugating appropriate targeting moieties, drugs, and imaging

agents to dendritic polymers, ‘‘smart’’ drug-delivery nanodevices can be developed

to target, deliver, and monitor the progression of therapy. For example, as will de-

scribed in greater detail below, a dendrimer intended for cancer therapy needs to

be functionalized with the drug itself, display a moiety for targeting to the tumor

cells, as well as include surface groups designed to improve the pharmacological

1.4 Methods for Dendrimer Synthesis 13



properties (e.g., to ensure water solubility, avoid non-specific uptake or immunoge-

nicity). Several synthetic strategies – primarily the convergent method discussed

above (Section 1.4.2.2) – have been developed that enable multiple species to be

added to a dendritic surface in an ordered manner [41] and thereby achieve multi-

ple functionalities within the same dendritic nanodevice (Fig. 1.3). The ability to

create multi-functional nanodevices based on dendritic scaffolds, however, remains

a challenging endeavor because conjugating several types of different molecules to

a dendrimer is likely to change its physicochemical properties and resulting biolog-

ical activity. Practically, additional synthetic steps required to fine-tune bioactivity

and remedy bioincompatibility if it arises may render the whole process cost-

inefficient at best and, more troublesomely, lead to loss of product uniformity,

thereby negating a key benefit of dendrimers, i.e., their monodisperse, fully de-

fined nature [42].

1.4.3.2 Glycosylation is an Example of Surface Modification with Multiple

Bioactivities

An outstanding demonstration of the synthetic power of decorating the surface of

dendrimers with ‘‘interesting’’ molecules comes, once again, by way of comparison

of these nanodevices with proteins. Proteins, which have had the opportunity to

evolve biocompatibility and systemic functions in multicellular organisms over

hundreds of millions of years, have found it advantageous to decorate their sur-

faces with complex carbohydrates when they are displayed on the cell surface or

secreted into the extracellular milieu. In the past few years, it has become clear

that these sugars play many key roles in molecular recognition over short dis-

tances, such as interactions with the extracellular matrix and with neighboring

cells, as well providing system-wide communication (e.g., almost all protein hor-

mones are glycosylated). When developing dendritic nanotools requiring bioactivity

similar to that found in proteins, including the ability needed by a drug candidate

to seek out and evoke responses at a specific but far-removed cell type in the body,

it is wise to learn from nature and consider the inclusion of sugars to be an impor-

tant design parameter.

The ability to provide dendrimers with oligosaccharide coatings has been facili-

tated by the many functional groups that can be displayed on the surface and func-

tion as chemical handles for covalent attachment of a second group. A pioneering

example of sugar display on a dendritic scaffold was provided by the unusual nine-

carbon sugar sialic acid [43, 44]. This sugar, when displayed on human cells, serves

as a critical binding epitope for the influenza virus. The virus, however, does not

bind to soluble sialic acid, or sialic acid appended to a conventional polymer. Be-

cause these forms of sialic acid do not serve as effective binding elements, they

are unable to act as a molecular decoys [45] and prevent the virus from binding to

its real target, sialic acid on the human cell. By contrast, when sialic acid was

conjugated to the surface of a dendritic polymer, it functioned as an effective and

efficient binding decoy [46, 47], opening the door to the development of new diag-

nostic devices and novel anti-viral therapies [48, 49]. The molecular basis of the

preferential recognition of sialic acid by the influenza virus when this sugar was
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displayed on a highly structured dendritic scaffold was traced to the ‘‘cluster glyco-

side effect’’ [50]. Over the past decade it has become firmly established that

carbohydrate-based recognition depends on multiple simultaneous interactions to

increase specificity and affinity [45, 51]. The demonstration that dendrimers pro-

vide an ideal synthetic platform for the appropriate display of carbohydrates to

achieve the cluster glycoside response [52–54], along with improved methodology

to synthesize glycoconjugated-dendrimers [43, 55], has driven the expansion of this

approach from a single monosaccharide to a sugar-amino acid couple (the Tn anti-

gen, which is N-acetylgalactosamine linked to serine [56]) to disaccharides (lactose

[57] and the T-antigen [58]), and, finally, to tetrasaccharides (the sialyl Lewis X

epitope [59]).

1.5

Dendrimers in Drug Delivery

1.5.1

Dendrimers are Versatile Nano-devices for the Delivery of Diverse Classes of Drugs

A successful drug must perform the demanding tasks of selectively recognizing

and binding to a molecular target, then triggering an appropriate biological

response, all the while possessing pharmacological properties that render it

‘‘drug-like’’. In some cases, nature has supplied compounds – such as aspirin or

penicillin – that can be used directly as drugs but the more common situation is

that many otherwise promising therapeutic agents are not successful in the clinic

because of their poor pharmacological properties. The properties of dendrimers, in

particular the synthetic ability to provide them with many different biological prop-

erties, along with their capacity to carry conjugated surface molecules or encapsu-

lated guest molecules, make them immediately attractive as potential vehicles for

drug delivery.

Drug delivery efforts are complicated by the diversity of molecules that hold po-

tential therapeutic or diagnostic value; briefly reviewing three classes of drug can-

didates based on size demonstrates the wide applicability of dendrimers to drug

delivery. First, regarding ‘‘small molecules’’, many low molecular weight drug can-

didates are limited by poor solubility in aqueous environments or, if they are solu-

ble, face rapid elimination from the bloodstream through filtration in the kidney.

In the past, efforts have been made to modify the molecule itself, often following

the ‘‘rule-of-five’’ guidelines developed by Lipinski to raise awareness of the proper-

ties and structural features that render molecules more or less ‘‘drug-like’’ [60].

Dendrimers present an attractive alternative strategy to the redesign of the drug be-

cause they allow unfavorable properties of a small molecule, such as insolubility, to

be overcome by the larger characteristics of the macromolecule. An approach for

improving the pharmacological properties of higher molecular weight drug candi-

dates, analogous to Lipinski’s guidelines for the modification of small molecule

drugs, has been applied for protein therapeutics such as recombinant antibodies
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and protein toxins used in cancer treatment. In these cases, the amino acid se-

quences of recombinant proteins have been ‘‘humanized’’ by genetic engineering

to avoid immunogenicity [61, 62] and their glycosylation patterns have been modi-

fied to increase serum half-life [63, 64]. These efforts, undertaken with actual

proteins, illuminate design features that can benefit the development of protein

mimics, dendrimers. In particular, the ‘‘humanizing’’ experiments show that small

changes, such as the substitution of a single amino acid for another, can avoid sig-

nificant problems like undesired systemic immune responses. In the same man-

ner, small changes in the surface properties of dendrimers, such as the addition

of poly(ethylene glycol) (PEG), can avoid unwanted immunogenicity. Finally, even

extremely large therapeutic candidates, notably plasmids or naked viral DNAs used

for non-viral gene delivery that are well beyond the size of traditional drugs, are

also benefiting from dendrimer-assisted delivery. The next section outlines specific

approaches for the delivery of both small and large drug candidates by dendrimers.

1.5.2

Dendritic Drug Delivery: Encapsulation of Guest Molecules

1.5.2.1 Dendrimers have Internal Cavities that can Host Encapsulated Guest

Molecules

The flexible branches of a dendrimer, when constructed appropriately, can provide

a tailored sanctuary containing voids that provide a refuge from the outside envi-

ronment [2] wherein drug molecules can be physically trapped [65] (Figs. 1.1 and

1.3). Encapsulation of hydrophilic, hydrophobic, or even amphiphilic compounds

as guest molecules within a dendrimer [66] can be enhanced by providing various

degrees of multiple hydrogen bonding sites or ionic interactions [65, 67] or highly

hydrophobic interior void spaces [68, 69]. A wide variety of molecules have been

successfully encapsulated inside dendrimers. In early experiments, compounds

used to demonstrate the ‘‘guest molecule’’ concept included easy-to-visualize dye

molecules such as rose bengal [66] and Reichardt’s dye [69] as well as pyridine

[65] and peptides [67]. More recently, actual drugs, including 5-fluorouracil [70],

5-amino salicylic acid, pyridine, mefanminic acid and diclofenac [65], paclitaxel

[71, 72], docetaxel [73], as well as the anticancer agent 10-hydroxycamptothecin

[69], have been successfully encapsulated. Together, these results demonstrate

that encapsulation is a general strategy for the delivery of low molecular weight

compounds by dendrimers. This method is anticipated to be of particular value

when display of the bioactive molecule on the surface of the dendrimer induces

unwanted immunogenicity or reduces biocompatibility (Section 1.5.5).

1.5.2.2 Using Dendrimers for Gene Delivery

The delivery of small molecules complexed as guest molecules in internal void

spaces of dendrimers is, at least in retrospect, intuitively obvious. By contrast, the

delivery of extremely large macromolecules, such as MDa-sized plasmid DNA for

non-viral gene therapy, is counter-intuitive because the encapsulation of a ‘‘guest’’

molecule many times the molecular weight of the dendrimer itself appears impos-
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sible. Nonetheless, experimental evidence had demonstrated that gene delivery

strategies also benefit from the participation of dendrimers [74]. For example,

from its original discovery of efficacy for gene delivery [75], the fractured form of

PAMAM, known as SuperfectTM, is now a commercially-available transfection

agent for in vitro applications [76]. Typical approaches to optimize dendritic gene

delivery for in vivo use have involved the surface modification of a PAMAM back-

bone, either with arginine [77] or hydroxyl groups [78]. Alternatively, the results

reported by Kim and coworkers, who demonstrated improved gene delivery with a

novel PAMAM-PEG-PAMAM triblock copolymer, show that construction of den-

drimers composed of new building blocks is warranted [76]. Although still in their

infancy, there are efforts afoot to exploit dendrimers for the delivery of smaller nu-

cleic acids such as antisense oligonucleotides and short interfering RNAs (siRNA);

the success of these applications is likely to depend on the continuing development

of novel materials for dendrimer synthesis [79].

1.5.2.3 Release of Encapsulated ‘‘Pro-drugs’’

Once a dendrimer carrying an encapsulated drug reaches the intended site of

action, the guest molecule generally must be released to gain bioactivity. Indeed, a

concern is that the active drug would ‘‘leak’’ out prematurely, thereby reducing the

amount available for the intended therapeutic intervention, or more ominously, re-

sult in systemic toxicity. Reassuringly, early experiments showed that the close

packing of dendritic branches on the surface of the macromolecule (Fig. 1.1) effec-

tively formed a ‘‘membrane’’ that reduced diffusion to immeasurably slow rates

[66]. In other cases, the release of encapsulated guest molecules was relatively

faster, occurring over a few hours, apparently through hydrolytic degradation of

the dendrimer in aqueous conditions [65]. The observation that guest molecules

could be liberated at different rates demonstrated that viable opportunities exist to

tailor the release for either slow or rapid delivery (Fig. 1.5). At present, additional

control of delivery rates is being sought; for instance, the ability of a dendrimer to

instantaneously release its entire drug payload upon reaching its cellular target

would be valuable. Promising steps in this direction are being taken by the devel-

opment of pH-sensitive materials [65], the fine tuning of hydrolytic release condi-

tions, and the selective liberation of guest molecules on the basis of their size or

shape [80].

1.5.3

Covalent Conjugation Strategies

1.5.3.1 Dendrimers Overcome many Limitations Inherent in Polymeric Conjugation

Strategies

The strategy of coupling small molecules to polymeric scaffolds by covalent link-

ages to improve their pharmacological properties has been under experimental

test for over three decades [81–84]. Unfortunately, conventional linear polymers

typically used in these efforts are plagued by inherent properties that render them

distinctly ‘‘un-drug-like’’, including high polydispersity and size distributions, a
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lack of defined structure, and a low density of drug payload per unit volume or

mass. Properties of dendrimers that overcome these problems include monodis-

persity that results in the ability to select the precise sizes of nanoparticle required

to a specific application (Table 1.1), a fully defined structure that allows the presen-

tation of attached conjugates in a defined architecture, a high ratio of drug payload

to volume, and enhanced control over drug release rates. Unsurprisingly, based on

these many beneficial features, a wide range of biologically active molecules have

Fig. 1.5. Requirements for dendrimer-based,

cancer-targeted drug delivery. (a) Dendrimers

with multiple surface functional groups

(Section 1.4.3) can be directed to cancer cells

by tumor-targeting entities that include folate

or antibodies specific for tumor-associated

antigens (TAAs). (b) The next step is intake

into the cell, which in the case of folate

targeting occurs by membrane receptor-

mediated endocytosis (Section 1.6.3.2). (c)

Once inside the cell, the drug generally must

be released from the dendrimer, which, for the

self-immolative method (Section 1.5.3.3),

results in the simultaneous disintegration of

the dendritic scaffold (d).
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already been covalently attached to dendrimers. These conjugates range from small

molecule drugs, such as ibuprofen [85], fluorescent and radioactive imaging agents

(Section 1.6.4), oligonucleotides, oligosaccharides and peptides, as well as much

larger molecules such as monoclonal antibodies (Section 1.6.3). Biologically active

molecules attached to dendrimers can have two fundamentally different relation-

ships to the host molecule. In some cases, exemplified by vaccine applications,

there is no need to liberate active drug from the dendrimer (indeed, the success

of antibody production usually depends on the unique display characteristics

achieved by conjugation to the dendrimer). In most cases, however, the conjugated

dendritic assembly functions as ‘‘pro-drug’’ where, upon internalization into the

target cell, the conjugate must be liberated to activate the drug.

1.5.3.2 Dendrimer Conjugates can be Used as Vaccines

Most low molecular weight substances are not immunogenic; consequently, when

it is desired to raise antibodies against small molecules, they must be conjugated to

a macromolecule. In the past, natural proteins have commonly been used as car-

riers to generate antibodies to small molecules; now an alternative strategy using

dendrimers has been demonstrated. In particular, unmodified PAMAM den-

drimers that fail to elicit an antibody response on their own become haptenized

upon protein conjugation and generate a dendrimer-dependent antigenic response

[86, 87]. A specific example of this technique is provided by the dendrimeric pre-

sentation of antigenic HIV peptides, which proved superior to other multimeric

presentation strategies, such as conjugation to dextran [88]. Notably, the immuno-

genicity of dendrimer conjugates is not limited to peptides antigens; in one study

antibodies were produced against densely penicilloylated dendrimers that were

subsequently used for the diagnostic testing of patients with potential allergy to

b-lactam antibiotics [89]. Finally, although carbohydrate-conjugated dendrimers

(Section 1.4.3.2) are typically non-immunogenic [1], antibodies can be successfully

elicited against cancer-specific oligosaccharides displayed on a dendritic scaffold,

offering a method for generation of a new class of cancer vaccines (Section 1.6.6.2).

1.5.3.3 Release of Covalently-delivered ‘‘Pro-drugs’’

Similar to encapsulated guest molecules that generally require release from the

void spaces of a dendrimer to gain bioactivity (Section 1.5.2.3), a covalently deliv-

ered dendritic conjugate must also be cleaved within the target cell to regenerate

the active cytotoxic agent (Fig. 1.5). At the same time, to ensure systemic non-

toxicity, the covalent linker must be stable in circulation [90]. Several strategies

are being pursued to ensure the successful cleavage and activation of the pro-drug

in the target cell or tissue while avoiding systemic release. These include activation

by low pH found in endosomal vesicles, installation of enzyme-cleavable ester link-

ages into the linkers that attach the pro-drug to the dendritic macromolecule, or

disulfide bonds that are liberated in the reducing environment of the endoplasmic

reticulum, photoactivation, or sensitivity to ultrasound [1].

Briefly returning to the benefits of dendritic clusters over conventional polymers

for drug delivery, problems with the delivery of covalent conjugates when conven-
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tional polymers, such as poly(lactic acid) (PLA) or its copolymer with glycolide

(PLGA), are used include a lack of sustained drug release [91]. Generally, these

and other linear, randomly oriented polymers have an initial burst where as much

as 50% of drug is released followed by a dramatic drop-off. An advantage of den-

drimers is that their release rates are more consistent, which has been demon-

strated by polylactide-PAMAM dendrimers [91] and dendrimer-platinate [92].

Consistent release from dendrimers is likely an inherent feature of their defined

three-dimensional structure as their sites of drug attachment are continuously ex-

posed to solvent, compared with random polymers where conjugated pro-drug

moieties can be internalized randomly. The unique architectural features of den-

drimers offer additional elegant strategies to gain exquisite control over release of

active drug. In particular, the production of dendrimers functionalized with cata-

lytic antibodies [68] has spurred the development of dendrimers capable of ‘‘self-

immolation’’ [93–95].

Self-immolative dendrimers provide an attractive potential platform for multi-

drug delivery. To briefly explain, these unique assemblies have the ability to release

all of their tail units (i.e., the active drug) through a self-immolative chain fragmen-

tation, which is initiated by a single cleavage at the dendrimer’s core [96]. The first

generation of dendritic prodrugs was demonstrated by Shamis and coworkers who

synthesized doxorubicin and camptothecin as tail units and designed a retro-aldol

retro-Michael focal trigger provided by action of the catalytic antibody 38C2 [94].

This method showed a dramatic increase in toxicity to tumor cells upon bioactiva-

tion of the pro-drug compared with tests done in the absence of the activating

antibody. This technology, when fully developed into a complete chemical adaptor

system that combines a tumor-targeting device (Section 1.6.3), a pro-drug, and

pro-drug activation trigger, provides a sophisticated platform for future research ef-

forts and the development of drugs for in vivo use [93].

1.5.4

Fine-tuning Dendrimer Properties to Facilitate Delivery and Ensure Bioactivity

1.5.4.1 Delivery Requires Avoiding Non-specific Uptake

From the initial entry into the body, a drug candidate confronts many barriers and

diversions on its route to the site of intended bioactivity. Uptake by oral ingestion is

ideal for patient comfort and, while still largely speculative for dendrimers [97],

there is now evidence that uptake occurs in the rat gut [98]; this route is enticing

based on an increasing recognition that nanoparticle uptake across the gut is

largely governed by the physicochemical properties and surface chemistries of

oral drug delivery vehicles [99]. Typically, to get to the target site in the body, the

drug candidate must avoid becoming trapped with the extracellular matrix, which

has been shown to hinder cellular uptake and reduce the efficiency of other nano-

sized delivery vehicles [100]; instead entry into the bloodstream is generally re-

quired for transit to the intended site of action.

Once in the bloodstream, either by successful navigation of an oral route or

through direct injection, dendrimers below a certain size are at risk of filtration
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and removal by the kidney. This pitfall, however, can be avoided by ensuring that

sufficiently large dendrimers are used. Indeed an important design feature and

overriding impetus to use dendrimer delivery vehicles is to prevent the filtration

of these drug candidates by the kidney. A second, off-target ‘‘trap’’ for dendrimers

has been identified in a study that showed sequestration of dendrimers in the liver

and spleen, in part due to their surface properties and in part due to their size

[101]. As discussed elsewhere, both of these parameters can be controlled with ex-

quisite sensitivity for dendritic macromolecules, allowing longer residence times in

the blood (the longer the serum half-life, the greater the opportunity to reach the

intended site of action).

1.5.4.2 ‘‘Local’’ Considerations: Contact with, and Uptake by, the Target Cell

Once a dendrimer has successfully entered the bloodstream and has been designed

to minimize undue accumulation in non-target organs or tissues, it still faces the

challenge of seeking out and interacting with its targeted site of action. The diver-

sity of cell surface targets available for a nanodevice to bind to is vast; here we limit

ourselves to specific examples related to cancer (Section 1.6.3). We will jump ahead

to the point when a dendrimer has made ‘‘first contact’’ with a cell and reflect on

how it interacts with the membrane. In this regard, there are provocative studies

with PAMAM polymers that suggest that binding to the cell surface is facilitated

by the deformable properties of dendrimers [15, 16, 18] (Section 1.3.1.3). Cell-

binding induced deformations, if they prove real, have important implications for

drug delivery. For example, the flattened forms of dendrimers lose their internal

voids where guest molecules – such as drug payloads – are sequestered [6]. If this

step occurs too soon, i.e., outside of the target cell, the drug might be ineffective,

whereas if it occurs at the right moment, i.e., in the cytosol for cytosolic-acting

drugs, it would provide an additional design parameter to exploit in the drug re-

lease process (Section 1.5.2.3). Notably, the deformations proposed to occur upon

the interaction of a dendrimer with a cell, where the dendrimer shifts from a ca-

nonical ‘‘spherical’’ shape to a flattened disk with a significant loss in volume,

have been most-extensively investigated at the dendrimer–mica interface. Clearly,

the plasma membrane of a cell shares few biophysical characteristics with an ex-

tremely flat and rigid surface of mica, therefore, combined with the thermodynam-

ically unfavorable aspects of the putative shape change, the extrapolation to drug

delivery in biological systems should not be overstated. Encouragingly, shape

changes also have been observed – but not thoroughly characterized – for den-

drimers encountering the air–water interface, which is a better model for biological

systems. Regardless of the current lack of concrete information, the intriguing na-

ture of this potential mechanism for cell targeting and drug release merits its dis-

cussion here and also warrants further experimental investigation.

Once a dendrimer is in contact with a cell, there is strong experimental evidence

that the exact surface properties of the dendrimer influence cellular uptake [102].

Therefore, the ability to modulate the chemical properties of a dendrimer provides

additional options for controlling the uptake of a dendritic drug delivery device into

a cell and even partitioning pro-drug release into specific organelles. To elaborate
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by briefly recapitulating a series of elegant experiment from the Banaszak Holl

group, these researchers used a battery of assays, ranging from dye leakage to

atomic force microscopy, to demonstrate that G5–G7 PAMAM dendrimers disrupt

lipid bilayers and form holes large enough (5–40 nm) to account for dendrimer in-

ternalization. Moreover, the hole formation could be tuned by the exact size of the

dendrimer, as well as surface chemical properties. To be specific, G7 amine-

terminated PAMAM initiated hole formation while its G5 counterpart did not.

The smaller G5 dendrimer, however, did expand holes at existing defects; by con-

trast, acetamide terminated G5 PAMAM neither initiated hole formation nor ex-

panded existing defects [102, 103]. The mechanism of hole formation in mem-

branes by PAMAM was proposed to involve the removal of lipid molecules from

the membrane to form aggregates consisting of a dendrimer surrounded by lipid

molecules [103]. Once inside a cell, there are early indications that the precise

properties of a dendrimer can influence subcellular trafficking. Eventually, if these

processes can be better understood and controlled, their exploitation for drug deliv-

ery will be very attractive considering that some entities, such as dendrimer-

delivered ibuprofen, need to only gain access to the cytosol [85], whereas other

class of drugs, such as dendrimer-delivered plasmid DNAs, have the more-

demanding task of reaching the nucleus [104].

1.5.5

Drug Delivery: Ensuring the Biocompatibility of Dendritic Delivery Vehicles

1.5.5.1 Biocompatibility Entails Avoiding ‘‘Side Effects’’ such as Toxicity and

Immunogenicity

To briefly reiterate, properties of dendritic polymers important for drug delivery in-

clude negligible polydispersity, a high-density payload of pro-drug, and the ability

to selectively release the active form of drug precisely at its intended site of action.

Although dendrimers are capable of each of these tasks, their advantages are for

naught if the final dendritic complex is not ‘‘biocompatible.’’ Biocompatibility, a

broad term with numerous meanings, will be considered here from three perspec-

tives, water solubility, lack of immunogenicity, and toxicity.

1.5.5.2 Water Solubility and Immunogenicity

The first two biocompatibility issues mentioned above, namely water solubility and

immunogenicity, are closely related insofar as highly-hydrated macromolecules

tend to be less immunogenic. With dendrimers, there are many options available

to overcome difficulties that arise in these areas. For example, solubility can be

readily adjusted by surface modifications to surface chemistry or by the addition

of conjugated ligands (Section 1.5.3, Fig. 1.3). Moreover, dendrimers such as the

commonly used G3, G5, and G7 PAMAM clusters are not inherently immuno-

genic [105]. Derivatized PAMAM such as the G4D-(1B4M-Gd)62 magnetic reso-

nance imaging (MRI) contrast dendrimer, however, can become immunogenic

(which is not surprising considering the deliberate efforts to render small mole-

cules immunogenic through presentation on a dendritic scaffold). This problem –
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once again tying together the concepts of solubility and immunity – was overcome

in one study by conjugation of poly(ethylene glycol) (PEG) to the surface of the

dendrimer. Notably, PEG also had the positive effect of decreasing non-specific

clearance from the blood, likely due to the increased hydration and resulting solu-

bility of the particle [106].

1.5.5.3 Inherent and Induced Toxicity

A basic issue in drug delivery is the avoidance of non-specific, systemic, or off-

target toxicity. At its simplest this issue, when applied to dendrimers, involves the

biological effects of the material used to construct the polymer. Ideally, the building

blocks themselves, as well as their degradation products upon delivery and release

of the drug payload, are non-toxic. One strategy is to directly use natural biological

molecules, such as carbohydrates [59, 107], amino acids and peptides [108], nucleic

acids [109–113], or lipids [114, 115] as the building blocks. To provide additional

synthetic flexibility, while maintaining biocompatibility, an increasing number of

biologically compatible and generally-regarded as safe (GRAS) materials are being

used in dendrimer construction. Examples include dendritic polyglycerol [116],

melamine [117]; phosphate [118], polyglycerols [39], a polyester dendrimer based

on poly(ethylene oxide) that has tunable molecular weights and architectures [84],

and dendrimers composed of citric acid and poly(ethylene glycol) [65].

The pioneering PAMAM-based dendrimers illustrate a second issue beyond in-

herent toxicity of the material or breakdown products, namely ‘‘induced’’ toxicity.

The PAMAM family (Table 1.1), although not explicitly designed for biocompatibil-

ity, was found to be non-toxic when generations 1 through 5 were tested [105].

Evaluation of G7 dendrimers, however, showed potential biological complications,

including dose-dependent toxicity [105], thereby illustrating that, while the basic

material of PAMAM is inherently non-toxic, deleterious outcomes could be ‘‘in-

duced’’ by factors such as the size or structure of the nanodevice. Smaller genera-

tion, non-toxic, dendrimers are sufficient for some applications but larger clusters

are needed to fully exploit the enhanced permeation and retention (EPR) effect

important in the treatment of cancer with macromolecular therapeutics (Section

1.6.2); consequently, toxicity cannot simply be avoided by restricting use to small,

safe-sized particles. Instead, one strategy devised to avoid toxicity was the re-design

of the building blocks of PAMAM-based material [76, 119] while another strategy

involved the development of completely new polymeric backbones [120].

The selection of ‘‘safe’’ building blocks to avoid deleterious effects in dendrimer

construction is unlikely to prevent all problems. To illustrate, even very safe build-

ing blocks, such as amino acids, can be highly toxic or immunogenic when as-

sembled into large macromolecules – in this case proteins – in the ‘‘wrong’’ way.

Indeed, the toxicity of dendrimers could be the result of several factors beyond the

simple properties of the unloaded scaffold. For instance, with cancer drugs in-

tended to kill cells, systemic toxicity could result if the drug is taken up by the

wrong cellular target (i.e., a healthy cell or tissue, rather than a cancer cell or

tumor) or if the nanodevice was ‘‘leaky’’ (i.e., if the pro-drug was released systemi-

cally before reaching the target cell). Fortunately, many strategies exist for prevent-
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ing toxicity, including directing a drug to its intended site of action by targeting

moieties (Section 1.6.3) and developing sophisticated release strategies (Section

1.5.3.3). Problems that arise from the surface properties of the conjugated den-

drimer can be ameliorated by masking the surface with something as simple as

PEG or, in more advanced schemes, by coating with sugars or peptides to make

glycodendrimers or peptide dendrimers, respectively (discussed in Ref. [121]) to

mimic proteins naturally found in circulation (Section 1.4.3.2).

1.6

Dendrimers in Cancer Diagnosis and Treatment

1.6.1

Dendrimers have Attractive Properties for Cancer Treatment

Cancer epitomizes the challenges faced during drug delivery: an anticancer drug

must be able to seek out subtle changes that distinguish a transformed cell from

the other 200 or so types of healthy cells found in the body and then provide a suf-

ficiently high dose of a toxic agent to selectively kill the cell while not harming its

healthy neighbors. Therefore, even though dendrimers can be endowed with many

favorable properties for drug delivery (Section 1.5), an ultimate challenge – ergo, a

‘‘real-world’’ test – of these versatile nano-devices will be whether they can success-

fully meet the formidable tasks of diagnosing and treating of malignant disease. As

described in Section 1.7, although significant work remains in several areas, pros-

pects now appear bright for dendrimer-based approaches to cancer treatment.

1.6.2

Dendrimer-sized Particles Passively Accumulate at the Sites of Tumors

To begin the discussion of properties that make dendrimers attractive vehicles for

cancer treatment, we revisit the concept that encapsulation (Section 1.5.2) or co-

valent linkage (Section 1.5.3) of small molecule drug candidates to a dendrimer en-

hances the pharmacological properties of the drug. In cancer chemotherapy, these

desirable size-based features are reinforced by the enhanced permeability and re-

tention (EPR) effect that improves the delivery of macromolecules to tumors. The

EPR effect is based on unique pathophysiological features of a solid tumor, such as

extensive angiogenesis resulting in hyper-vascularization, limited lymphatic drain-

age, and increased permeability to lipids and macromolecules. These features,

which help ensure adequate nutrient supply to meet the metabolic requirements

of rapidly growing tumors [122, 123], can be turned to the tumor’s disadvantage

by the use of nano-sized therapeutic agents.

The EPR effect was discovered when selective accumulation of the SMANCS

conjugate (styrene-maleic anhydride-neocarzinostatin) was observed at the site of

tumors while similar accumulation was not seen with neocarzinostatin alone
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[124, 125]. The EPR response was subsequently demonstrated for similarly-sized

liposomes, thereby establishing that this effect was largely a function of particle

size and did not solely depend on the chemical or biophysical properties of the

macromolecule. Specifically, in one study optimal tumor delivery occurred for lipo-

somes having a size distribution between 70 and 200 nm in diameter [126]. An

independent study showed efficacy for liposomes loaded with daunorubicin in the

same size range; specifically, those@142 nm in diameter exhibited an inhibitory

effect against Yoshida sarcoma whereas smaller (@57–58 nm) and larger (@272

nm) liposomes had weaker or no effect [127]. Over time, cautionary notes were

raised that tempered initial enthusiasm for exploiting the EPR effect for cancer

treatment. For example, the porosity of the vasculature in tumors can be highly

variable even with a single vessel that can be leaky to one size of particle in one

region but not in another [128]. Experimentally addressing this issue was compli-

cated by the size polydispersity of traditional nanoparticles used to exploit the EPR

effect, which were typically either lipids or conventional polymers that rendered a

significant proportion of intended drug inactive. Fortunately this issue – the ability

to match exact and uniform sizes needed to target an individual tumor – is highly

tractable with dendrimers because selection of an exactly-sized entity is possible

(Table 1.1) compared with the large size distributions that plague liposome and

most polymeric materials [42].

The ability to construct monodisperse populations of dendrimers in the size

range needed to exploit the EPR effect is an encouraging step towards the passive

exploitation of tumor properties. Once the basic issue of size was resolved, how-

ever, secondary challenges (and opportunities) arose from observations that the

chemical properties of the nano-sized particle can play significant roles in modulat-

ing the EPR effect. By way of a specific example, ‘‘conventional’’ polymeric materi-

als showed efficacy at a smaller size range, occurring at ~60 nm for both water-

soluble and hydrogel forms of poly(vinyl alcohol) (PVA) [129], whereas almost

identically-sized 57 nm egg phosphatidylcholine (EPC)-liposomes were ineffective

[127]. As reported above, liposomes about twice this size showed maximal efficacy,

so it was not unexpected that the EPC-liposomes were ineffective. Interestingly,

however, hydrogenated egg phosphatidylcholine (HEPC)-liposomes in this size

range (specifically, 58 nm) were active [127], illustrating that the exact chemical

properties of the material is a critical design parameter. In this respect, the many

options for dendrimer ‘‘building blocks’’, as well as the ability to further tune sur-

face properties provide many opportunities to endow dendrimers with favorable

‘‘passive’’ properties for tumor targeting.

1.6.3

Multifunctional Dendrimers can Selectively Target Biomarkers found on Cancer Cells

1.6.3.1 Methods for Targeting Specific Biomarkers of Cancer

As discussed above, dendrimers can achieve passive EPR-mediated targeting to a

tumor simply by control of their size and physicochemical properties. Passive tar-
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geting, which localizes the nano-particle in the close vicinity of a cancer cell, can be

immediately useful for diagnostic purposes (Section 1.6.4) or for the delivery of ra-

dioisotopes capable of killing any cell within a defined radius. In general, however,

most delivery strategies require that the anticancer agent directly attached to, or be

taken up by, the target cell. The ability to append more than one type of function-

ality to a dendrimer (Fig. 1.3) allows the inclusion of ligands intended to bind spe-

cifically to cancer cells in the design of a multi-functional drug-delivery nanodevice

(Fig. 1.5). Although a wide range of targeting ligands have been considered, includ-

ing natural biopolymers such as oligopeptides, oligosaccharides, and polysacchar-

ides such as hyaluronic acid, or polyunsaturated fatty acids [90, 130], discussion

here is limited to folate, which is an exemplary small molecule tumor-targeting

agent [42], as well as monoclonal antibodies directed against tumor associated anti-

gens (TAAs).

1.6.3.2 Targeting by Folate, a Small Molecule Ligand

Folate is an attractive small molecule for use as a tumor targeting ligand because

the membrane-bound folate receptor (FR) is overexpressed on a wide range of hu-

man cancers, including those originating in ovary, lung, breast, endometrium, kid-

ney and brain [131]. As a small molecule, it is presumed to be non-immunogenic,

it has good solubility, binds to its receptor with high affinity when conjugated to a

wide array of conjugates, including protein toxins, radioactive imaging agents,

MRI contrast agents, liposomes, gene transfer vectors, antisense oligonucleotides,

ribozymes, antibodies [131, 132] and even activated T-cells [133]. Upon binding to

the folate receptor, folate-conjugated drug conjugates are shuttled into the cell via

an endocytic mechanism, resulting in major enhancements in cancer cell specific-

ity and selectivity over their non-targeted formulation counterparts [131, 132].

Recently, folate has been enlisted in an innovative dendrimer-based targeting

schemes ([42, 134], Section 1.6.6.1).

1.6.3.3 Targeting by Monoclonal Antibodies

Of the many strategies devised to selectively direct drugs to cancer cells, perhaps

the most elegant (and demanding!) is the use of monoclonal antibodies that

recognize and selectively bind to tumor associated antigens (TAAs) [135–138].

TAA-targeting monoclonal antibodies have been exploited as delivery agents for

conjugated ‘‘payloads’’ such as small molecule drugs and prodrugs, radioisotopes,

and cytokines [139, 140]. The field of ‘‘immunotherapy’’ envisioned almost a hun-

dred years ago, and given renewed impetus a quarter century ago by the develop-

ment of monoclonal antibody technologies, has nonetheless progressed erratically

over the past two decades as many pitfalls have been encountered [139]. Current

prospects remain mixed but hopeful; optimistically, progress marked by commer-

cial interest with companies providing their immunotherapeutic drug candidates

with flashy trademarked names, such as ‘‘Armed AntibodiesTM’’ [141]. Simi-

larly, the rosy opinion that this field is ‘‘on the verge of clinical fruition’’ has

been published recently [142]. Perhaps, more realistically, one recent synopsis
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holds out ‘‘hope’’ for a major clinical impact for this strategy within the next 10

years [136].

Although a detailed discussion of the many pitfalls encountered in immunother-

apy efforts is beyond the scope of this chapter, one key issue – readily addressed by

dendrimers – is the requirement that an extremely potent cytotoxic drug be used in

targeted antibody therapy. This point is illustrated by the fact that the greatest prog-

ress in this field has occurred for immunotoxins, which are antibody–toxin chi-

meric molecules that kill cancer cells via binding to a surface antigen, internaliza-

tion and delivery of the toxin moiety to the cell cytosol. In the cytosol, protein

toxins, such as those from diphtheria or pseudomonas, catalytically inhibit a

critical cell function and cause cell death [143]. The high potency of immunotoxins

for killing cancer cells is dramatically illustrated by ricin, where the catalytic activ-

ity of this ribosome-inactivating enzyme allows a single immunotoxin conjugate to

kill a cell upon successful uptake and trafficking to the site of action [144, 145].

A drawback of immunotoxins is their significant immunogenicity, which limits

repeated use [136]; from a broader perspective, their repeated use is made neces-

sary by difficulties in providing a sufficiently high drug load to eradicate all cancer

cells despite the high potency of conjugated toxin. An alternative approach of radio-

immunotherapy, where high energy radionuclides are conjugated to TAA-targeting

antibodies, also shows promise [146] but suffers from indiscriminate toxicity (the

surrounding healthy tissues, as well as off-target tissues, become irradiated in ad-

dition to the target cancer cells). A third possible approach for immunotherapy, the

conjugation of commonly-used small molecule drugs to TAAs, is hindered by the

relatively low potency of most low molecular weight therapeutics. To illustrate this

point,@10 000 TAAs occur on a typical cancer cell [101], making this number the

upper limit for the number of targeting antibodies that can bind to the cell. The

widely used anticancer drug cisplatin, to give one example, requires internalization

of at least 50� this level of drug molecules for therapeutic efficacy.

A numerical analysis of the cisplatin example presented above indicates that

each tumor-targeting antibody would have to be modified with a large number of

small molecules to be effective as an anticancer drug (in this case, roughly 50 cis-

platin molecules upon superficial analysis). Modification of an antibody with mul-

tiple radioisotopes, toxins, or even small molecules to increase the efficacy of cell

killing, however, diminishes or eliminates the inherent specific antigen-binding af-

finity of an antibody. Therefore, to maximize drug loading while minimizing the

deleterious effects on the biological integrity of the host antibody, an attractive

approach is to use a linker molecule, such as a dendrimer, that can be highly con-

jugated (or internally loaded) with drug while modifying only a single site on the

surface of the antibody [147]. Methodology to covalently attach antibodies to den-

drimers that preserve the activity of the antigen–antibody binding site [148, 149],

e.g., by chemical modification of their carbohydrates and subsequent linkage to

PAMAM [150], has opened the door for the inclusion of dendrimers in immuno-

therapy [151, 152], thereby enhancing the future prospects of this chronically

‘‘almost-there’’ strategy.

1.6 Dendrimers in Cancer Diagnosis and Treatment 27



1.6.4

Dendrimers in Cancer Diagnosis and Imaging

1.6.4.1 Labeled Dendrimers are Important Research Tools for Biodistribution Studies

The synthetic ability to attach both a tumor-targeting antibody and a potent payload

of anticancer drugs to the same dendritic molecule provides a platform for multi-

functional nano-scale drug delivery devices (Fig. 1.5). Before this technology can be

applied in the clinic, however, its safety and efficacy must be demonstrated; to-

wards this end, fluorescently-modified dendritic conjugates have been used exten-

sively to characterize cell targeting, surface binding, uptake and internalization,

and even sub-cellular localization [85, 151, 152]. The radiolabeled counterparts ap-

propriate for animal studies have allowed detailed examination of the biodistribu-

tion of dendrimers. Several radio-isotopes have been conjugated to dendrimers, in-

cluding 3H [153], 14C [105], 88Y [154], 111In [154, 155], and 125I [98, 149, 156–158].

These studies have established that the chemical and physical properties of den-

drimers can be tuned to favor distribution to or away from specific organs and, ul-

timately, to achieve favorable biodistribution to tumors. The methods used in these

experiments, however, typically requiring post-administration dissection of the host

animal to allow the analysis of organ sequestration and tissue distribution of the

radioisotope, are clearly not applicable to clinical practice. Instead, they have served

as an important stepping stone along the path towards non- or minimally-invasive

diagnostic procedures, which are proceeding mainly by the development of MRI

contrast agents.

1.6.4.2 Towards Clinical Use: MRI Imaging Agents

Upon successful demonstration of the selective accumulation of dendrimers at the

sites of tumors in animal models, a natural extension of this approach was to sub-

stitute gadolinium for the previously-tested isotopes or fluorophores. Gadolinium

(153Gd) is the best known and most extensively utilized magnetic resonance (MR)

contrast agent [159, 160] and has previously been shown to be valuable for the im-

proved diagnosis of cancer [161, 162]. Importantly, the in vivo efficacy of gadoli-

nium is greatly enhanced when used as part of a macromolecular system [159]; in

the past, attempts to create macromolecular gadolinium platforms have included

the conjugation of chelators for this metal to both proteins [163] and conventional

polymers [164]. These efforts have met with mixed (but generally limited) success.

By contrast, Kobayashi and Brechbiel report that, by conjugating gadolinium to

dendrimers, the unique properties of these polymers, such as exquisite size con-

trol, allowed selective targeting and imaging of the kidney, vascular, liver, or tu-

mors [159]. Of note, tumor specific targeting and accumulation of gadolinium con-

trast agents is possible by use of either the folate receptor [165] or TAAs [159]. A

drawback of the initial PAMAM-based MR contrast agents was their long residence

time in the body; this problem, however, can be met by modifying both the surface

properties [106] and basic chemical composition of the dendrimer. Specifically, dia-

minobutane (DAB) dendrimer-based chelators were more rapidly excreted from the
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body, illustrating that the development of clinically-acceptable dendrimer MR plat-

forms is realistic [166].

1.6.5

Steps Towards the Clinical Realization of Dendrimer-based Cancer Therapies

1.6.5.1 The Stage is now set for Dendrimer-based Cancer Therapy

The use of dendrimers for cancer treatment is still in its infancy with few, if any,

applications successfully translated to the clinic. Consequently, their use as diag-

nostic agents constitutes both an important goal in and of itself, and also a valuable

‘‘baby step’’ towards the ultimate goal of curing cancer. As discussed, the process of

actual killing cancer cells entails the complicated process of drug uptake followed

by release of the drug into the cytoplasm or nucleus and is clearly a more demand-

ing process than cell surface labeling, or even localization to the vicinity of the

tumor, sufficient for diagnostic purposes. Nonetheless, in some cases, the transi-

tion from imaging to therapy will be closely linked, as evidenced by efforts now un-

derway to combine antibody-targeted MR imaging nanoparticles with the delivery

of antiangiogenic genes intended to inhibit the vascularization to the V2 carcinoma

model in rabbits [167]. Another promising strategy – boron neutron capture

therapy – has undergone impressive development over the past decade and is

presented next as a successful demonstration of the promise of dendrimer-based

cancer therapies.

1.6.5.2 Boron Neutron Capture Therapy

Cisplatin-based therapies illustrate the need for multiple conjugations of small

molecules – estimated at 50 for this platinum drug – to a targeting antibody (Sec-

tion 1.6.3.3). While some efforts are underway to use dendrimeric strategies for

platinum drug delivery [168], an even more demanding situation, where thousands

of ligands are required per targeting antibody, is provided by boron neutron cap-

ture therapy (BNCT). Accordingly, BNCT will be discussed here as an illustrative

example of how dendrimers can help overcome high hurdles in the development

of innovative cancer therapies. As a brief background, BNCT is based on the

nuclear reaction that occurs when boron-10, a stable isotope, is irradiated with low

energy (a 0.025 eV) or thermal neutrons to yield alpha particles and recoiling

lithium-7 nuclei. A major requirement for the success of BNCT is the selective de-

livery of a sufficient number of boron atoms (@109) to individual cancer cells to

sustain a lethal 10B(n, alpha) ! 7Li capture reaction [169, 170]. Considering that

the maximal number of antigenic sites per tumor cell is in the range of 100 000,

and more commonly only 1/10th that level, an a priori calculation suggests that

each targeting antibody must be linked to at least 2000, but preferably closer to

5000, boron atoms [101]. Clearly, a single TAA-targeting antibody cannot be di-

rectly conjugated at this level and conventional polymers – e.g., polylysine conju-

gated with @1700 boron derivatives and linked to a targeting antibody – caused

the antibody to lose in vivo tumor localizing properties [171]. By contrast, when a
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PAMAM dendrimer was used for polyvalent boron conjugation, the linked anti-

body maintained immuno-recognition (although in vivo tumor targeting remained

problematic because the conjugated dendrimer had a strong propensity to mis-

localize in the spleen and liver) [101]. Over the decade since these pioneering ef-

forts were first reported, continued progress has been made to solve problems

such as off-target tissue localization, which was traced to the size of the dendrimer

and presence of a large number of amine groups on the surface of PAMAM, by

exploiting the versatility of dendrimer chemistry. In short, the re-design of boro-

nated, anti-body-targeted dendrimers has culminated in the successful treatment

of gliomas in the rat [158, 169, 172] and laid the foundation for translation of this

technology into clinical tests in the foreseeable future.

1.6.6

Innovations Promise to Speed Progress

1.6.6.1 ‘‘Mix-and-Match’’ Strategy of Bifunctional Dendritic Clusters

Two lessons are immediately apparent from the dedicated efforts to bring

dendrimer-based BNCT to fruition. One is that dendritic technologies, while still

at an early developmental stage, hold tremendous promise and merit continued in-

vestigation. The second is that the coupling of one treatment modality (BNCT)

with one targeting strategy (antibodies to a specific type of glioma) required a stag-

gering amount of effort. The growing realization that cancer is hundreds, if not

thousands, of unique diseases at the cellular and molecular level, suggests that a

commensurate number of therapeutic strategies are needed. The diversity of tar-

geting strategies (which are not limited to folate and TAAs discussed here),

coupled with the many ‘‘payload’’ possibilities (beside radioisotopes, boron, and

cisplatin discussed here) used to diagnose and kill cancer cells, means that there

are literally tens of thousands of individually customized therapies required to fully

confront the myriad clinical manifestations of cancer. The sobering reality is that,

if each of these customized treatments will require a decade long effort by a large

team of researchers and clinicians, the large problem of cancer treatment will not

be solved for a long time.

Choi and coworkers [134] have come up with an innovative mix-and-match

scheme that promises to offset this gloomy prediction. These researchers have

recently reported a cancer-targeting strategy that is reminiscent of the antibody–

toxin/immunoconjugate strategy where distinct, but linked, entities are used to

first recognize and bind and then subsequently modify a cancer cell. Their strategy,

however, has great potential to improve on both the ‘‘targeting’’ and ‘‘payload’’ as-

pects of cancer therapy by, at first seemingly paradoxically, completely dividing

these functions into separate dendritic clusters (Fig. 1.6). The key to this approach

was to include a DNA ‘‘zipper’’ on each dendrimer that allows the targeting cluster,

composed of folate-derivatized PAMAM in proof-of-concept experiments [173], to

be readily combined with the imaging or drug-carrying dendrimer by way of the

complementary DNA strand [134]. It can be envisioned that the production of

libraries of dendrimers targeted to different cancer-specific biomarkers can be pro-
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duced by a ‘‘mix-and-matched’’ strategy by combining ‘‘off-the-shelf ’’ targeting and

drug clusters as needed [42]. Development of easily-customizable nanomedicine

platforms that exploit the facile duplex DNA formation for the generation of hybrid

nano-clusters, thus circumventing the tedious synthesis of multiply-functionalized

dendrimers, offers hope that the next ten years will witness rapid expansion of

dendrimer technologies that build on the painstaking advances of the past decade.

1.6.6.2 Towards Therapeutic Exploitation of Glycosylation Abnormalities found in

Cancer

Aberrant glycosylation, where the patterns of complex carbohydrate glycoforms

found on the surfaces of cancer cells are dramatically different from those on

healthy cells, is a hallmark of cancer [174–178]. Efforts to exploit these changes

therapeutically, however, have long been stymied by the difficulty of controlling

these complex and diverse molecules in an artificial synthetic setting. Today, with

new technologies such as dendrimers that provide a platform for physiologically-

relevant display of carbohydrates, new vistas are opening up for exploiting these

molecules to intervene in malignant disease. Promising – but still early-stage –

efforts in this direction include the presentation of oligosaccharides found only in

cancer cells [53, 56, 58, 179–181] on a dendritic scaffold (Section 1.4.3.2) for vac-

cine development (Section 1.5.3.2).

1.6.6.3 Towards Targeting Metabolically-engineered Carbohydrate Epitopes

As discussed above, one area of rapidly-expanding investigation is the abnormal

glycosylation associated with the cancer cells; in particular dendrimeric scaffolds

provide a unique platform to control the multimeric carbohydrate presentation

needed to enact the ‘‘cluster glycoside effect’’ [45, 50, 51], which is crucial for tar-

Fig. 1.6. DNA–dendrimer conjugates as

potential cancer targeting imaging agents or

therapeutics. (Adapted from Ref. [189].)

Differentially functionalized dendrimers

covalently conjugated to complementary deoxy-

oligonucleotides can readily form duplex

combinatorial nanoclusters that possess

cancer cell-specific ligands hybridized to an

imaging agent or drug. Cell-specific targeting

ligands (e.g., folic acid in one study) are

appended to Dendrimer A, and Dendrimer B is

conjugated with an imaging agent or drug

[134].

1.6 Dendrimers in Cancer Diagnosis and Treatment 31



geting diseased tissues found in malignant diseases [1, 24]. Another approach to

exploiting glycosylation for the treatment of cancer is through ‘‘chemical biology’’

strategies, such as the ability to express non-natural sialic acids on the cell surface

through the use of N-acetylmannosamine (ManNAc) analogs [49, 182, 183] (Fig.

1.7). By appropriate design of the ManNAc analog, sialic acids, which are interest-

ing nine-carbon sugars often overexpressed on cancer cells [175], can be provided

with a ‘‘chemical handle’’ – such as a ketone, azide, or thiol [184–186] – for tar-

Fig. 1.7. Chemoselective targeting of drug-

loaded dendrimers to the cell surface. (A)

Overview of sialic acid engineering. (a) A

dendrimer can encapsulate and assist the

delivery of N-acetylmannosamine (ManNAc)

analogs, such as the thiol-containing sugar

‘‘ManNTGc’’ (shown as ‘‘*’’) into a cell

(Section 1.5.2). (b) Once inside the cell,

ManNTGc can be metabolically converted into

CMP-Neu5TGc, a compound that serves as a

sugar-nucleotide needed for the glycosylation

process (c) where ‘‘Neu5TGc’’ a non-natural

form of sialic acid, is installed into cell surface

glycoconjugates. Overall, this process replaces

natural sialic acids, such as ‘‘Neu5Ac’’, with

their thiol-containing counterparts (d), which

can then be targeted by dendritic assemblies

such as the bifunctional ‘‘targeting’’ and

‘‘payload’’ clusters shown in Fig. 1.6. (B)

Details of the ‘‘chemoselective ligation

reaction’’ required for targeting the

appropriately derivatized dendrimeric assembly

to the cell. In this case, a maleimide-

conjugated targeting capsule will selectively

interact with the sialic acid-display thiols to

covalently bind the dendrimer to the cell

surface via thio-ether bond formation.
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geted delivery of a second agent such as the ricin A-chain used in immunotoxins

[187] or small molecule anticancer drugs [188]. Dendrimers offer assistance at sev-

eral steps in this process of translating early-stage anticancer strategies like ‘‘sialic

acid engineering’’ from the laboratory to clinical relevance. An enticing proposition

is that the starting material – ManNAc, which like all sugars has notoriously poor

pharmacological properties – can be made ‘‘drug-like’’ by encapsulation (or co-

valent ligation). Subsequently, after display of the target epitope on the cell surface,

which is a modified thiol-bearing sialic acid in the case shown in Fig. 1.7, this can

benefit from the high local density of dendritic display of maleimide to increase

the rate of drug binding to the cell surface, which occurs over an unacceptably

long period of several hours for current covalent coupling schemes [188]. This

strategy, under evaluation in our laboratory, coupled with a high drug payload on

the DNA-hybridized cluster (Fig. 1.6), provides renewed impetus for the already

promising application of sugar-based therapeutic approaches to cancer. A particu-

larly attractive aspect of this approach is that@108 sialic acids exist on cancer cells,

greatly improving prospects to deliver adequate levels of drug to achieve therapeu-

tic efficacy compared with TAA-targeting schemes (Section 1.6.3).

1.7

Concluding Remarks

Dendrimers, chemically-defined entities with tunable biological properties, have

advanced over the past two decades to the point where they stand on the cusp of

major contributions to the treatment of cancer in a meaningful way. Although, as

has been apparent by the many instances cited throughout this chapter where gaps

in knowledge still remain and that must be plugged before dendrimers are ready

for wide clinical use, their extreme versatility combined with the extensive research

efforts now underway are sure to add sophistication to drugs already in use as well

as spur the development of entirely new classes of anticancer therapy.
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Rönkkö, J. Pelkonen, M. Tammi, A.

Urtti, Extracellular and intracellular

barriers in non-viral gene delivery.

J. Controlled Release 2003. 93, 213–217.
101 R. F. Barth, D. M. Adams, A. H.

Soloway, F. Alam, M. V. Darby,

Boronated starburst dendrimer-

monoclonal antibody immuno-

conjugates: Evaluation as a potential

delivery system for neutron capture

therapy. Bioconjugate Chem. 1994. 5,
58–66.

102 S. Hong, A. U. Bielinska, A. Mecke,

B. Keszler, J. L. Beals, X. Shi, L.

Balogh, B. Orr, J. R. Baker Jr,

M. M. Banaszak Holl, Interaction of

poly(amidoamine) dendrimers with

supported lipid bilayers and cells:

Hole formation and the relation to

transport. Bioconjugate Chem. 2004. 15,
774–782.

103 A. Mecke, S. Uppuluri, T. M.

Sassanella, D.-K. Lee, A.

38 1 Dendrimers in Cancer Treatment and Diagnosis



Ramamoorthy, J. R. Baker Jr, B. G.

Orr, M. M. Banaszak Holl, Direct

observation of lipid bilayer disruption

by poly(amidoamine) dendrimers.

Chem. Phys. Lipids 2004. 132, 3–14.
104 G.-D. Zhang, A. Harada, N.

Nishiyama, D.-L. Jiang, H. Koyam, T.

Aida, K. Kataok, Polyion complex

micelles entrapping cationic

dendrimer porphyrin: Effective

photosensitizer for photodynamic

therapy of cancer. J. Controlled Release
2003. 93, 141–150.

105 J. C. Roberts, M. K. Bhalgat, R. T.

Zera, Preliminary biological

evaluation of polyamidoamine

(PAMAM) StarburstTM dendrimers.

J. Biomed. Mater. Res. 1996. 30, 53–65.
106 H. Kobayashi, S. Kawamoto, T. Saga,

N. Sato, A. Hiraga, T. Ishimori,

J. Konishi, K. Togashi, M. W.

Brechbiel, Positive effects of

polyethylene glycol conjugation to

generation-4 polyamidoamine

dendrimers as macromolecular MR

contrast agents. Magn. Reson. Med.
2001. 46, 781–788.
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