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1. Introduction, Scope, and Organization of the Text Dendrimer chemistry1,2 largely relies on supramolecular properties.3 Since the pioneering work on iterative reaction sequences4,5 and dendrimer syntheses,6–8 the supramolecular dendritic aspects8–10 have been extended to the macromolecular nanoscale.9 In this review, we focus on the functions and applications of dendrimers resulting from supramolecular and physical properties. We will not address the synthetic aspects that have been the subject of many reviews.9–46 During the early days, the properties of dendrimers were first examined with Tomalia’s PAMAM dendrimers7,9,17 and Newkome’s arborols (unimolecular micelles),8,14–16 then with Meijer’s poly(propylene imine) (PPI dendrimers)10,12,13,22 that are commercial, as are the PAMAM dendrimers, and with Fre´chet’s polyether dendrimers.23–26 The spectrum of dendrimer families is now very broad,10–27 so that there are numerous possibilities for molecular engineering in order to obtain a desired function. Books on dendrimers have been published,1,2,11–13 and the dendrimer literature is huge.9–46 Topics of synthetic interest have already been addressed early on and continuously reviewed during the past 20 years of dendrimer chemistry. Thus, the synthetic aspects will not be covered here, but in this concern let us only point out the crucial importance of the purities of dendrimers that may vary from one family to the other and significantly influence the adequate achievement of the functions. We will concentrate our attention on the most powerful concepts of
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dendrimer chemistry in terms of functions and potential applications. We will especially emphasize dendritic effects whenever they are known. We will quote the seminal reports and the review articles and will review essentially the most
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Chart 1. Schematic Representations of Dendritic Structures: 1, Dendrimer; 2, Dendron; 3, Dendritic Nanoparticle; 4, PPI Dendrimer; 5, PAMAM Dendrimer; 6, Dendronic and Dendritic Surface; 7, Dendronized Polymer; 8, Dendriplex; 9, Dendrigraft



recent work even if the major concepts will be recalled. Dendrons bonded to polymers were called dendronized polymers,47 and they disclose properties relevant to those of dendrimers and will be discussed whenever a specific function or application is involved. Branched or hyperbranched polymers, pioneered by Flory,48 are useful alternatives to dendrimers that are commercially of great interest and can sometimes show closely related properties for functions. They are not included here unless they fall in the dendrimer context, but reviews are available,48,49 and Chart 1 represents the major types of dendritic frameworks. Most applications of the physical and photophysical properties (section 3) of dendrimers are in catalysis (section 5), nanomedicine (section 6), and sensing (sections 3.16, 4.12, and 6.9), but optoelectronic applications also appear throughout section 3.



2. Dendritic Structures and Physical Properties 2.1. Simulation Versus Experiment: Localization of the Terminal Groups The well-known de Gennes dense-packing model has dominated the attention for about two decades. It predicted that surface congestion occurs at the periphery of a dendrimer after a certain generation. The surface area AZ is given by eq 1 in which Z is the number of terminal groups, AD is the total surface of the dendrimer, NZ is the number of surface groups per generation, r is the radius of the dendrimer, NC is the number of core branches, Nb is the number of branches at each generation, and G is the number of generations.



AZ ) ADNZ(r2/NCNbG)



(1)



This means that AZ decreases as the number of generations increases. The dense-packed generation Gl is reached



when AZ reaches the cross-sectional area corresponding to the van der Waals radii. A simple equation was provided for PAMAM dendrimers having a branch-cell segment P:



Gl ) 2.88(ln P + 1.5)



(2)



According to this equation, the dense-packed generation is reached between 10 and 11.50 This appears to be impressively large, but imperfection in this dendrimer series, as in others, starts in early generations. Other theoretical studies have concluded differently. For instance, it has been suggested that the most probable conformation has its maximum density in the center of the dendrimer.51 Indeed, the “densecore” approach appeared since 1990.52 Such an overall structure is an average of a large number of possible conformers. Such theoretical calculations are in agreement with the fact that flexible dendrimers would be characterized by a surface and internal holes. A survey of a large number of theoretical studies has recently appeared, converging toward this latter analysis.53 This implies that the end groups of dendrimers backfold toward the center. For PAMAM dendrimers, such backfolding has been considered despite the interchain H-bonded termini that contribute to minimizing this back-bonding. 13C NMR relaxation studies (G0-G10) suggest that the chain termini are not densely packed at the surface of G10 bearing a theoretical number of 3072 terminal branches. Examination of CPK models10 shows a maximum radius of 71 Å, whereas the SEC experiments indicate an actual radius of 62 Å. At full extension, each terminal group needs a surface area of 21 Å, but only 16 Å is available, which suggests some backfolding.44 The dynamics of PAMAM dendrimers was recently made available by the use of dielectric relaxation spectroscopy (DSR) showing different relaxation behavior below and above the glass transition temperature Tg, which is around -30 °C.45 Until recently, the syntheses of dendrimers did not overtake the de Gennes dense-packing limit, however. Syntheses of dendrimers far
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Figure 1. (A) Hollow core, “dense shell” picture. (B) “Dense core” picture. These are representative snapshots from the statistical ensembles generated in this study for the sixth generation with two springs between branch points. Reprinted with permission from ref 65 (Muthukumar’s group). Copyright 1998 American Chemical Society.



beyond the de Gennes “dense-packing” limit have been reported in 2003 until the ninth generation54 with a theoretical number of 311 ) 177 147 allyl branch termini using a Newkome-type 1 f 3 connectivity.7,10 At the 1H NMR accuracy (i.e., approximately 97%), all the reactions appeared to be completed, whereas the de Gennes dense-packing limit was below generation 6 (38 ) 6561 termini). AFM and TEM experiments for the highest generations showed a steady growth with increase of the generation number. Since these giant dendrimers have small methylene termini, severe backfolding is necessary, so that the limit of construction is dictated by the dendritic volume rather than by the surface of the de Gennes model. Computer-assisted molecular modeling initially showed that the PAMAM dendrimers are spherical above generation 4 but have hemispherical domes below this generation. The surface congestion was confirmed by viscosity and refractive index experiments that reflected the reduced interaction between the surface groups and the solvent above generation 4.8 The only experimental tools available to analyze the spatial structure of dendrimers in solution are scattering methods such as small-angle neutron scattering and smallangle X-ray scattering,55 but the information obtained is limited.56–59 The combination of scattering and theoretical simulation methods converged to satisfying conclusion, however.56–61 A common feature of all generations is the strong backfolding of the terminal groups, a tendency that grows with increasing generation number. As noted early on,8 most of the surface of high-generation dendrimers lies inside the dendrimer, and construction beyond the densepacking limit proceeds in the dendritic interior, which is confirmed by slow kinetics.54 The size of the end groups plays a key role in termini backfolding, with the ability to backfold being all the more reduced as the termini are larger.64 Charged dendrimers expand with maximum size occupancy compared to uncharged ones (Figure 1),8,65 although this trend has also been controversial.62,63,66,67 For instance, SANS studies of the counterion effects on the molecular conformation and structure of charged G4PAMAM dendrimers in aqueous solutions show that strong repulsion is introduced by protonation of the amino groups deeply modifying the internal dendrimer structure, although the gyration radius RG only changes by about 4% when the pD value varies from 10.25 to 4.97.60 The solvents also influence RG; for instance with D(CD2)mOD, RD of G8PAMAM is reduced by 10%, changing the solvent from m



Figure 2. Third-generation dendrimer with a triphenylamine core. Reprinted with permission from ref 411 (Mu¨llen’s group). Copyright 2005 American Chemical Society.



) 0 to m ) 4.60,61 With Newkome-type dendrimers containing carboxylate termini, SANS studies showed that addition of a salt suppressed the interdendrimer interactions and that accumulation of tetramethylammonium counterions occurs around the surface with a counterion thickness between 4 and 6 Å.62 Capillary electrophoresis studies showed that the effect of an electric field increased the mobility of these dendrimers.63 Local dendrimer dynamics including local motion has been compared to supercooled liquids and linear polymers,68 including glass transition aspects.69 A hybrid approach involving both a single-chain Monte Carlo simulation and DFT calculation of the Helmholtz energy allowed insight into the microscopic dendrimer properties.70 The shape of dendrimers was related to the shear viscosity using nonequilibrium molecular-dynamics simulations.71 Atomistic molecular dynamics simulations were applied to negatively charged PAMAM dendrimers with sodium counterions, indicating that the charge effect on conformations is more pronounced for low generations than for large ones.72 A Brownian dynamic study indicates how the adsorption of charged dendrimers can be tailored by changing various parameters.73 The rigid polyphenylene dendrimers (Figure 2) do not present the possibility of backfolding terminal groups, contrary to the flexible dendrimers.35 This remarkable family has been the subject of recent simulations using atomistic molecular dynamics,74 molecular modeling,75 and polymer reference interaction site model integration theory.76 The effect of repeat dendrimer unit flexibility on conformation was studied by atomic molecular dynamic simulations, which showed that all dendrimers are radially distributed throughout their interiors due to backfolding of the flexible dendrimers or to branching angle effects for stiff-chain polyphenylene dendrimers.77 In azobenzene-terminated dendrimers, UV irradiation causes changes in the shape and size of the dendrimers due to the chromophore units that reversibly photoisomerize E f Z.12,13 In ferrocenylazobenzene-terminated dendrimers, this reversible photoisomerization provokes a generation-dependent size change that could be monitored by cyclic voltam-
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or from viscosimetric data and molecular weight according to the following equation:96



Rη ) (3/10πNA)1/3(M[η])1/3



Figure 3. 3D electron density distribution of the Pm3-n Cub phase (a ) 79.2 Å at 80 °C) of the spherical supramolecular dendrimers self-assembled from 16 monodendrons. These isoelectron surfaces were generated from XRD by Fourier synthesis with the structure factor phases determined by TEM. Reprinted with permission from ref 89 (Percec’s group). Copyright 1997 American Association for the Advancement of Science.



metry, because the diffusion-coefficient dependent intensity increases upon E f Z irradiation due to dendrimer size decrease. This effect is all the more obvious as the generations increase.78 A strong correlation was established between the solvent polarity and the mean radius of gyration.79 For instance, simulations with dendritic polyelectrolytes indicate a dramatic contraction upon increasing the ionic strength of the solvent,80 and a similar effect was demonstrated with PPI dendrimers upon addition of a salt.22 Experimentally, backfolding of the dendritic tethers was initially shown in the flexible Fre´chet-type polyarylether dendrimers using SEC coupled with differential viscosimetry (viscosity reaches a maximum as a function of generations),81 rotational-echo-double-resonance NMR (REDOR),82,83 spin relaxation (T1) with a paramagnetic core,84 and fluorescence depolarization using rubicene cores.85 On the other hand, Percec-type dendrimers containing perfluorinated86 or perhydrogenated87,88 tethers were shown by X-ray diffraction to present solid-state assemblies precluding backfolding (Figure 3).89 Many studies carried out with PAMAM dendrimers (SEC, viscosity, 13C NMR relaxation, 2H NMR, SAXS, SANS, photophysical, and ESR), reviewed elsewhere,8,19 have shown that the interbranch terminal H-bonded groups preclude backfolding (confirming the validity of the de Gennes model in this case) to a certain extent, with the conclusions being variable among the studies.90–93 Likewise, the degree of interbranch H-bonding in PPI dendrimers was shown to grow with increasing generation numbers, and these studies (IR and NIR)94 have been reviewed.22 PPI dendrimers terminated with CN and palmitoyl groups were studied by translational diffusion and viscosimetry. Their volumes was shown to increase proportionally with the number of end groups, meaning that these end groups were predominantly located at the dendrimer periphery (due to H-bonding between CN and NH groups and possible repulsion between the palmitoyl groups and the core).95 The translational diffusion coefficient D is a hydrodynamic characteristic sensitive to the dendrimer size, with a linear correlation, M[η] ≈ D-3, where [η] is the intrinsic viscosity and the hydrodynamic radii R can be calculated from D according to the Stokes-Einstein equation,



RD ) kT/6πη0D



The comparison between the physical properties of dendrimers and polymers shows the specific structure and behavior of large dendrimers, with trends clearly demonstrated in the pioneering work by Hawker and others.81,97–101 For instance, large dendrimers are most often globular (except specifically designed Percec dendrimers), and the influence of terminal groups is crucial on the physical properties, whereas this influence decreases with increasing molecular weight for linear polymers. Thus, contrary to linear polymers, the intrinsic viscosity of large dendrimers is very dependent on the nature of the end groups and is not increasing with molecular mass, but has been reported for the main dendrimer classes to reach a maximum at a certain generation.8,22,81 Polyester dendrimers were shown to be soluble in a large variety of organic solvents, contrary to linear polymers. The reactivity of the end groups is enhanced with large dendrimers, because they are more numerous and not so shielded as in linear polymers, and because dendrimers are more soluble than polymers. The hydrodynamic volume of large dendrimers is smaller than that of linear analogues, because dendrimers are more compact (with backfolding of termini) than polymers (Figure 4).97–101 Self-folding of charged dendronized polymers was shown for G2- and G3-polyamide-polyether dendronized polymers with aminopropoxybenzoic methacrylate cores and neutral and negatively charged peripheral groups.99,100 In conclusion, the specificity of dendrimers compared to linear polymers appears at high generation, with severe change of the properties above a certain generation.8,22,97 This trend also clearly appears from photophysical studies that are the subject of the forthcoming section. Molecular dynamics and mean field theory studies also indicate that, in polyelectrolyte dendrimers, electrostatic interactions are strongly screened and the dendrimer core is filled, with very weak conformation dependence on ionic strength.98 Conformational changes in dendrimers were shown by bare Coulomb interactions to be induced by charges. The presence of charges leads to an increase in the dendrimer size due to the combined effect of electrostatic repulsion and the presence of counterions within the dendrimer. Accordingly, the bond lengths near the dendrimer center increase to facilitate a more effective usage of space in the region of the dendrimer periphery.99,100 G3 and G4-poly(aryl ether) dendrimers containing a naphthyl group as the core were shown by fluorescence measurements in dichloromethaneacetonitrile to form an intramolecular exciplex between the naphthyl core and benzyloxy backbone units (resulting from photoelectron transfer) that validate exciplex formation enhancement by backfolding conformation of the dendrimers.101



2.2. Gelation of Dendrimers From the initial publication, Newkome-type arborols were designed as water-soluble dendritic micelles with hydrophobic interiors and water-solubilizing alcohol termini.7,102 Such structures or closely related structures are susceptible to gelation as shown with the [9]-10-[9] dendrimer, for which negative-staining TEM revealed the presence of fibers.103,104 In these dendritic structures, the core is a polymethylene



1862 Chemical Reviews, 2010, Vol. 110, No. 4



Astruc et al.



Figure 4. Comparative structures of the fourth-generation dendritic alcohol and its exact linear analogue; gel permeation chromatography (GPC) traces for the (a) fifth-generation dendritic alcohol and (b) the corresponding exact linear analogue. Reprinted with permission from ref 97 (Fre´chet’s group). Copyright 1997 American Chemical Society.



Figure 5. Nanoscale morphology observed using SEM for the two-component gelation system: (A) 2:1 dendron/diamine ratio and (B) ) 1:4.5 dendron/diamine ratio. Reprinted with permission from ref 108 (Smith’s group). Copyright 2005 American Chemical Society.



chain of variable length. The gel is dried, then coated with phosphotungstic acid solution prior to TEM visualization. Static and dynamic light scattering and viscosimetry were also used to study gelation of these dendrimers.105 Gelation usually requires 5-10 min and can be reversed by heating. Differential scanning calorimetry shows the transition point, and freeze-fracture TEM of the arborols shows the fiberlike texture.106 A variety of gelating dendritic structures were subsequently synthesized based on Newkome’s concept of linear chain (which sometimes is a polyethylene glycol chain or a molecular wire107) separating two covalently bound dendronic units, sometimes called “two-component” dendritic gels (Figure 5).108 On the other hand, other denditic gels with a polymeric and dipeptide component bound to a dendron were reported by Stupp’s group109 and Aida’s group,110 respectively. In the latter case, dipeptide rather than monopeptide, ester functionalities on the dendron surface, and higher-generation dendrons favored gelation. In a recent study, glycine and L-glutamic acid have been used as cores to form dendritic gels, with gelation properties increasing from the first to the third generation. Hydrogen bonding and π-π stacking were



the main driving forces to form the fibrous networks at low concentrations (0.5%), as shown by TEM, AFM, fluorescence, IR, circular dichroism, 1H NMR, small-angle X-ray scattering (SAXS), and wide-angle X-ray diffraction.111 Altogether, dendritic gels benefit from strong fibrous assemblies resulting from multiple dendronic branch interactions, a steric role in the formation of one-dimentional assemblies, and multiple-site cross-linking units for crosslinked dendronized polymer gels.108 Butyl-terminated poly(amidoamine) dendrons with either a Boc group or a carbonyl group at the focal point formed dendronic gelators with lamellar structures of 30-100 nm size as shown by TEM, WAXD, SAXS, NMR, and FTIR spectroscopy. The nature of the focal group impacted greatly on the gelation ability, and dendron generation increase favored gelation. Hydrogenbonding and hydrophobic forces were shown to be the main driving forces for the fibrous assembly.112,113 Dumbbellshaped dendrimers with a p-terphenylene core with bulky dendronic wedges self-assembled, forming gels with elastically interpenetrating 1-dimensional nanostructures in several organic solvents through cooperative π-π stacking, hydrogen bonding, and van der Waals forces.114
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Figure 6. Side view of the ribbonlike structure taken directly from the crystal structure of a dendrimer shows color-coded hydrogenbonded tetramers (upper right) stacked on top of each other along the direction of the crystal (top view is shown in the middle right). Schematic (left and bottom right) representation of the proposed structure for a DRC nanoribbon. Reprinted with permission from ref 124 (Stupp’s group). Copyright 2001 American Chemical Society.



2.3. Dendrimer-Polymer Blends and Aggregates Promising possibilities of coupling the physical properties of polymers and dendrimers led to studies of blended materials such as dendrimer-hyperbranch polymers,115,116 polystyrene-polyphenylene hyperbranched structures,117 aryl ester dendrimer-bisphenol polycarbonate,118 and 12-tertbutyl ester dendrimer-poly(methyl methacrylate) (PMMA).119 Glass transition temperatures (Tg) are found between those of the components. The methods used for these studies are viscosity, refractometry, UV-vis and FTIR spectroscopies, DSC, and DEA.119 Copolymers based on polyether dendrimers and polyethylene glycol (PEG) form micelles in methanol/water.120 Polystyrene-PPI dendrimers are amphiphilic and aggregate in water, forming vesicles, micellar rods, or spherical micelles depending on the dendritic generation.121 Block copolymers assembled from polyether dendrimers and thermoresponsive polar poly(Nisopropylacrylamide) self-assemble in aqueous solution into bilayer spherical aggregates.122,123 Dendrimer-rod-coil incorporating a dendritic block at the end of a rod segment formed self-supporting gels in dichloromethane at concentrations down to 0.2 wt %, observed by TEM and AFM. They self-assemble into flat or helical ribbons, can incorporate electronically conductive groups, and can be mineralized with inorganic semiconductors (Figure 6).124–127



2.4. TEM, AFM, and Studies on Surfaces The behavior of dendrimers on surfaces and in amphiphilic materials was reviewed in 1999.22 PAMAM (most frequently),8 Newkome-type,128 phosphorus,129 carbosiloxane130 and polyphenylacetylene131,132 dendrimers have been examined by TEM or cryo-TEM with the observation of aggregation when intermolecular H-bonding occurs (carboxylic acid
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or hydroxy end groups).10,14–16,22 Spherical shapes were observed for large dendrimers, as expected. Sodium phosphotungstate was used for amine-terminated large PAMAM dendrimers (15 nm radii for G10).133 Gold phosphineterminated dendrimers with up to a theoretical number of 3072 end groups were observed with up to 15 nm diameter.129 Monolayers are usually observed on surfaces, but multilayer films of oppositely charged PAMAM (-NH3+ and CO2termini) were also shown.134 Wetting of mica surface was observed when hydroxyl groups preferentially adsorb on the surface. Flexible dendrimers, such as the PAMAMs, flatten on surfaces.135 AFM observation of the PPI dendrimer G2DAB hydrophobically modified with dodecanoyl end groups deposited on mica by adsorption from solution shows that, after 20 s, the dendrimer formed a submonolayer thin film that contained many fractal aggregates that were larger than 1 µm and 0.8 nm thick. After longer time, the initial fractal aggregate transformed into disks and other less-branched shapes with average heights of the domains of 0.6 and 0.4 nm, respectively (Figure 7).136 Fre´chet-type polyether,137,138 PAMAM,139 PPI,140 and dendrimers functionalized with various groups have been examined at the air-water and Langmuir-Blodgett interfaces, resulting in deformation of the dendrimers at the interfaces. With mesogenic functionalities, liquid crystalline (nematic or smectic) properties were obtained with sheetlike conformations.141,142 Polyallyl dendrimers of fourth generation with a theoretical terminal olefin branch number of 729 were functionalized to glycolate metallocycles by vaporization of OsO4 under a well-ventilated hood, which showed individual dendrimers by HRTEM with about 5 nm diameter, and the ninth generation with a theoretical terminal branch number of 177 047 was functionalized by hydrosilylation using HSiMe2CH2Cl. The corresponding iodomethylsilyl-terminated dendrimers were observed by HRTEM on a graphite support, showing the globular shape with a diameter of 13 nm.54 Atomic force microscopy (AFM) also is a useful analytical tool, because it provides high-resolution imaging and measurement of surface topology.143–145 The layer-bylayer deposition technique has been monitored herewith,146 surface morphologies of high-generation PAMAM dendrimers have been studied,147 and assembled films of dendrimers in monolayers or multilayers have been investigated.134 The series of polylallyl-terminated dendrimers with 3n+2 end allyl groups (n ) generation number) were also observed by AFM on highly oriented pyrolytic graphite (HOPG) support from the first to the ninth generation, which showed a steady size increase of the height of the flattened dendrimers up to 25 nm, probably resulting from double or multiple layers in the highest generations.54 PAMAM dendrimers were imaged by AFM, and the molecular weights and volumes calculated for G5-G8 were in agreement with theoretical values. G5-G10 PAMAM dendrimers could be imaged by taping-mode AFM, although single G4 dendrimers could not be imaged.148 Adhesion forces could be quantified, and dendrimer distortions have been revealed upon physisorption.148–151 Increasing charge on the PAMAM dendrimers at low pH resulted in volume expansion149,150 and delocalized stack formation.151 High-generation PAMAM dendrimers have also been characterized at the interface between an aqueous solution and a hydrophobic or hydrophilic substrate, and for instance, G5 gives large aggregates on the HOPG surface when water is used as a solvent.152 Mu¨llen’s rigid polyphe-
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Figure 7. Amplitude (a) micrograph demonstrating autophobic wetting of the mica surface by the carbosilane dendrimer with hydroxyl end groups. Fluid droplets with a contact angle of about 8.7° were observed. Two-dimensional sketch of the autophobic spreading of the carbosilane dendrimer on mica. Because of the preferential adsorption of the end OH-groups on the surface of mica, the hydrocarbon core gets exposed to air. The picture is consistent with scanning force microscopy studies and molecular dynamic simulation of the dendrimer on mica. Reprinted with permission from ref 135 (Sheiko’s group). Copyright 1997 American Chemical Society.



Figure 8. Averaged fluorescence profiles and their corresponding confocal microscope images of dendrimers (a) before immersion and (b) control and (c) gradient substrates, after 16 h of immersion. Reprinted with permission from ref 157 (Reinhoudt’s group). Copyright 2007 American Chemical Society.



nylene dendrimers were also examined on various surfaces by noncontact AFM (NCAFM) and pulse force mode AFM (PFM-AFM), which showed either individual dendrimers or aggregates, globular clusters, and monolayers with long nanofibers.153,154 Monolayers of dendritic polymers were prepared by covalent attachment to a silicon wafer surface, and these ultrathin dendrimer films served as effective resists for high-resolution lithography using a scanning probe microscope.155,156 PPI dendrimers labeled with rhodamine B and attached to glass substrates via imine bonds were able to move on the surface by hydrolysis and reformation of these imine bonds as shown on confocal microscopy images. In the presence of a gradient, it was suggested that the dendrimers move in one direction with the gradient (Figure 8).157 The morphology of immobilized first-generation PPIsalicylaldiamine dendritic ligands was examined by AFM and related to the electrochemical behavior of surfaceconfined films.158 Brownian dynamic simulations were used to study the structure and transport properties of dendrimers in dilute solutions, the diffusity, and the zero-shear-rate intrinsic viscosity. Incorporation of hydrodynamic interactions was



sufficient to reproduce the maximum in the intrinsic viscosity versus molecular weight observed experimentally.159



3. Photophysical Studies: Light-Harvesting and Light-Driven Processes 3.1. Concepts and Pioneering Studies This aspect probably is the most presently studied field of dendrimer science together with nanomedicine, because solar light harvesting is an essential way to capture the energy necessary for living organisms including both the biosphere160 and human activities.161 Biosphere activities have produced, over millions of years on earth, fuel that is being consumed overall in only a few decades; thus, future generation will need to return to solar light to capture energy for human activities. Many photosynthetic organisms in the biosphere, the most important of which are purple bacteria, are models for the design of artificial light-harvesting devices. The photosynthetic unit shows that the reaction center is surrounded by light-harvesting complexes such as a ringshaped assembly of chlorophyll and carotenoid forming an antenna in which collected photons are transferred to the
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reaction center with a remarkable unit efficiency.160 MimickingNatureisrelevanttosupramolecularphotochemistry.1–3,162–168 It is obvious that molecular trees, i.e., dendrons (rather than dendrimers), are topologically framed to potentially model natural photosynthetic centers. Indeed, once the photons are collected by the photon absorbers located at the periphery of the dendronic device, they must reach the reaction center at the dendron focal point that needs to be connected to the reaction center (the root of the tree).10,11,39 Besides light harvesting, photophysical studies of dendrimers are also important from both a fundamental viewpoint (theoretical studies on energy-transfer processes,164 studies of fluorescence anisotropy giving information on the dendrimer structure, motion, and aggregation,165,166 fluorescence at the single-molecule level167) and an applied one (changing the color of light, sensing with signal amplification, quenching and sensitization processes). There are two mechanisms that allow the photoexcited state of a chromophore D (donor) to transfer energy to another chromophore A (acceptor) in its ground state located at the focal point near the reaction center. The first one is the short-range (99.9%) in a CFMR under continuous reactions conditions, with a very small yield decrease occurring with time. The rigidity was also considered to be a favorable factor.877 This indicated that highgeneration dendrimers are not necessary for efficient recovery and confirmed that star-shaped catalysts may work better than sterically congested catalyst-terminated dendrimers.74



5.3. Catalysis with Metallodendritic Complexes 5.3.1. Palladium Complexes The role of palladium complexes in catalysis is of considerable importance, because it deals with the key carbon-carbon bond formation and oxidation reactions.878–886 Thus, it is not surprising to observe that, among dendritic organometallic catalysts, palladium complexes have been the first ones studied,776 are by far the most numerous, and have been the subject of excellent reviews.539–542,819 5.3.1.1. Pd-Catalyzed Carbon-Carbon Bond Formation: Heck, Suzuki, Sonogashira, and Stille Coupling. The
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Heck reaction, being one of the essential C-C coupling reactions, has been researched with dendritic catalysts for years.784,798–819,869 Heck reactions between iodobenzene and various alkenes using diphosphine that were supported by poly(ether imine) dendrimers selectively yielded the trans compounds.887 Recycling was observed to proceed with a decrease of activity. With iminophosphorane G4 dendrimers, Pd black formed extensively,888 but with pyridylimine ligands, higher rates, conversions, and stability were found.889 Tris- and hexanuclear (star-shaped) N-heterocyclic carbene complexes886 have been shown to catalyze Heck coupling between iodobenzene or activated bromobenzes with acrylates, although truly dendritic complexes are not known890,891 Heck reactions between iodobenzene and methyl acrylates, which were not productive with [PdCl2(PPh3)2] as the catalyst in scCO2, became possible with 40% conversion when (CH2)3SiMe2Et tails were introduced in the para position of the phenyl rings of the ligands (Figure 46).892 Negative dendritic effects upon increasing dendron generation in catalysis of bidentate phosphine-Pd-dendronized support for the Heck reaction have been reported.893 Suzuki coupling has become recently very important, because boron reagents are now widely available and expected to be mostly nontoxic, whereas analogous Stille coupling uses toxic tin derivatives. In addition, Suzuki coupling can be catalyzed by palladium complexes under relatively mild conditions, for instance, at a temperature much lower than that in the Heck reactions.879–886 Suzuki reactions catalyzed by recyclable palladium-catalyst-terminated dendrimers have been discussed in section 5.2.1. Recently, palladium complexes have been heterogenized by crosslinking homogeneous star-shaped catalysts with oxime palladacycles, and good activity and recyclability were observed.894–896 Suzuki reactions between aryl bromides and aryl boronic acids were carried out at 80 °C with high frequencies (2 586 h-1) and TONs (59 000) using Nheterocyclic carbene palladium complexes branched on water-soluble polyglycerol containing 65 peripheral metal centers that were recycled five times without loss of activity.895 Triarylphosphanes with dendritically arranged tetraethylene glycol moieties at the dendrimer periphery were efficient ligands for the Pd-catalyzed Suzuki-Miyaura coupling reaction of aryl chlorides.896 The Sonogashira reaction is of high interest, because it avoids synthesizing organometallic trans-alkynylating complexes by direct use of a mixture of palladium and copper catalysts, or sometimes even with the palladium catalyst alone.886 Copper-free Sonogashira coupling using dendritic catalysts, showed, as for Suzuki reactions, that the rates and conversions to reaction products decreased upon increasing



Figure 46. Palladium complexes. Reprinted with permission from ref 892 (de Jesus’ group). Copyright 2006 American Chemical Society.
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Figure 47. Suggested mechanism for the Stille reaction in water using the Pd DEN precatalyst 2. The reaction is catalyzed by palladium species leached from the nanoparticle and coordinated to the dendritic interior. Reprinted with permission from ref 898 (de Jesus’ group). Copyright 2009 American Chemical Society.



the generation number of Pd-diphosphine-terminated PPI dendrimers (i.e., with negative dendritic effect). With the most active low-generation bis(tert-butylphosphine) ligands, reactions with iodoarenes could even be carried out under ambient conditions in the absence of copper.829,831 With phosphorus dendrimers containing bis(diphenylphosphinomethyl)amino ligand termini, the conversion increased with the generation number,832 contrary to other studies.813,829 No report has appeared on Stille coupling subsequent to publications on cross-coupling of aryl iodides with thienyl or vinyl organostananes catalyzed by bis(diphenylphosphanylmethyl)amine or iminophosphane palladium-terminated dendrimers that could be recycled for three runs with only slightly decreased reactivity.897 Pd PAMAM DENs were compared to PdAc2 as precatalysts for the Stille coupling reaction between SnCl3Ph and PhI in water, and a similar reactivity was observed, but the DEN suppressed the formation of homocoupling products and allowed catalytic recycling. The leaching mechanism seems to operate, with the PdNP remaining bound to the dendrimer (Figure 47).898 5.3.1.2. Hydrogenation, Hydrovinylation, Polymerization, and Copolymerization of Olefins. Carbosilane-cored aminopropyl palladium-terminated dendrimers catalyzed the reduction of CdC and CdO bonds, and these palladodendrimers were shown to be recyclable.899 Palladocatalysts prepared in situ from hemilabile P,O-ligand-terminated carbosilane dendrimers catalyzed the styrene-ethylene coupling to 3-phenyl-2-butene (styrene hydrovinylation) in a CFMR with high regioselectivity (no formation of oligomers) and minimization of the subsequent isomerization reaction at low conversion. Deactivation with formation of Pd black was observed after 10 h, however, which limited the catalyst efficiency and practical use. The dendrimer was less stable than the monomer under batch conditions, which could be taken into account by the flexibility of the dendrimer tethers.900 Similar results were obtained with diphenyl-901 or phenyl(aryl)phosphine-terminated carbosilane dendrimers,902 with the dendrimers being less active than the monomer, although these catalysts were more active than those with the P,O ligands above. Interestingly, with a P-stereogenic phosphine, the cationic catalyst, as a BF4- salt, produced an excess of the (S)-3-phenyl-1-butene enantiomer (ee )



63-68%) at 35% conversion. The activity, chemoselectivity, and enantioselectivity of the cationic catalyst were even improved for G1 with the BARF counteranion. Even better results (73-82% ee) were obtained with the P-stereogenic phosphine (S)-MePPh(2-biphenylyl) located at the focal point of carbosilane dendrimers.903 The Pd-initiated polymerization has been recently examined with dendrimers. A MAO-activated tetrabranched alkylpyridylimine-palladium complex catalyzed ethylene polymerization. Remarkably, this tetranuclear initiator was more active than the mono- and binuclear analogues and yielded high-molecular-weight linear polyethylene.904 Cationic arylpyridylimine-palladium dendrimer catalyzed the alternating copolymerization of CO and 4-tert-butylstyrene with an activity that increased with increasing dendrimer generation, although the half-lives were similar for the monomer and the dendrimers. Generation increase also resulted in lower and broader distributions of molecular weights and in a constant decrease of the stereoregularity of the syndiotactic polyketone polymers. These results were taken into account by steric enhancement of chain-transfer processes that inhibited the polymer chain-end control and lengthening (Figure 48).905 5.3.1.3. Allylic Substitution. Following Kragl and Retz who pioneered the CFMR technology with palladodendrimercatalyzed allylic substitution,788 further work was carried out in CFMR with phosphine-terminated carbosilane dendrimers with a reactivity that was rather analogous to that of monomeric Pd catalysts. Allylic amination of crotyl acetate and piperidine yielded mixtures of branched and linear trans products, and dendritic tether lengthening by addition of a methylene spacer improved the yields and catalyst stabilities.906 The amination of trans-cinnamyl acetate with morpholine was catalyzed by PPI dendrimers terminated by diphosphino-palladium groups, and the linear vs branch selectivity (90:10) was unchanged from monomer to dendrimers. In sharp contrast, the reaction of cis-3-acetoxy-5carbomethoxycyclohex-1-ene proceeded with a cis product selectivity, whereas this stereoselectivity increased up to 94% with the G5 catalyst. This strong dendritic effect was attributed to steric shielding of the π-allyl-Pd species from endo attack.907 The seminal introduction by Togni’s group
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Figure 48. (a) Activities for Gn-ONNMe2[Pd(MeCN)Me+] and (b) copolymer Mw values obtained using neat 4-tert-butyl styrene as a solvent. Reprinted with permission from ref 905 (Flores’ group). Copyright 2006 American Chemical Society.



of the asymmetric version with the reaction between racemic trans-1,3-diphenyl-2-propenyl acetate and dimethyl malonate resulted in 89-91% ee using a dendrimer terminated by chiral ferrocenyl phosphines, which was slightly less than that using the parent mononuclear ligand complex (93% ee).908 Recently, Majoral-type phosphorus dendrimers produced a higher ee (90%) than the mononuclear analogue (ee ) 80%), and the dendrimer showed good stability and recovery/reuse with an efficiency that was almost completely preserved. Optimized conditions yielded an ee of 95%.909 The dendritic effect was spectacular on the enantioselectivity of the allylic amination of trans-1,3-diphenyl-2-propenyl
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acetate with morpholine reported by Gade’s group. The ee was only 9% for the monomer and regularly increased with generation increase up to 40% for G5 pyrphos-terminated PPI dendrimer and up to 69% for G5 pyrphos-terminated PAMAM dendrimers. These results were taken into account by a conformational change of the aryl substituents of the phosphine ligands upon steric increase at the dendrimer periphery concomitant with increasing generations.805,806,910 5.3.1.4. Other PdII-Catalyzed Reactions. The catalysis by a variety of dendritic PdII-cyanometalated and pincer-NCN complexes of aldol-type condensation between benzaldehyde and ethyl isocyanoacetate yielding an oxazoline has been extensively reported and reviewed by van Koten et al.46,800,803,809,875,911–914 In short, the reaction rates of monomers and dendrimers were comparable but were diminished when the dendritic tethers bearing the catalyst suffered from bulk at the periphery. Interestingly, a first example of hyperbranched polymer instead of a dendrimer was reported in collaboration with Frey’s group, showing the same diastereoselectivity (trans/cis ) 2) and only slightly decreased activity compared to the monomer.914 The Michael addition between ethyl cyanoacetate and methyl vinyl ketone was the subject of several reports by van Koten et al. using pincer-Pd complexes (Figure 49) that gave comparable yields for mononuclear catalysts and dendrimers (except when lower solubility resulted in poorer yields).915 In this context, it was surprising to observe the case of a star-shaped dodecanuclear complex providing a 3-fold increase in activity that was taken into account by a positive cooperation between the peripheral metal centers.916 This complex was very efficient in a CFMR.917



5.3.2. Rhodium Complexes Rhodium(I) catalysts are mostly studied for hydroformylation (linear vs branch regioselectivity), asymmetric hydrogenation, and (more rarely) hydrosilylation reactions,918,919 at least in their metallodendritic versions. Following the seminal work by Reetz et al. with RhI-diphosphineterminated PPI dendrimers784 including the first CFMR in collaboration with Kragl,788 and by Alper et al. with RhI



Figure 49. Modular approach for the synthesis of multi(pincer-metal) complexes. Reprinted with permission from ref 915 (van Koten’s group). Copyright 2003 American Chemical Society.
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catalysts immobilized on silica or polystyrene supports (cf. section 5.2.2), the area was developed in the 1990s by ColeHamilton et al.920 using silsesquioxane-cored dendrimers terminated by phosphine groups and by van Leeuwen et al.798,801 and has been reviewed.539,798,799,801 For instance, the phosphine-terminated silsesquioxane-cored G1 dendrimer loaded with [Rh(acac)(CO)2] or [Rh(OAc)4] catalyzed the hydroformylation of propen-1-ol followed by reduction of the aldehyde to butane-1,4-diol and 2-methylpropan-1-ol, and the mechanism was proposed to proceed via a rhodiumhydroxycarbene intermediate.920 G1-G5 PPI dendrimers terminated with alkoxycyclopentadienyl rhodium complexes were shown to be active olefin hydroformylation catalysts.921 Wilkinson’s catalyst supported on dendrimer-SBA shows minimized leaching.922 Some rhodium(I)-phosphine dendrimers were also used for simple olefin hydrogenation reactions, with results comparable to those of monorhodium catalysts and slight turnover decrease for large dendrimers.923–925 Asymmetric hydrogenation of 2-acetylacetamidocinnamate using bicarbazolediol chiral phosphoramidite-rhodium dendrimers gave an excellent enantioselectivity (93% ee at full conversion), confirming that phosphoramidites are superb ligands for asymmetric olefin hydrogenation.926,927 G1-G4 pyrphos-RhIterminated dendrimers (pyrphos ) 3,4-bis(diphenylphosphino)pyrrolidine) catalyzed asymmetric hydrogenation of R-acetamidocinnamic acid with dendritic effects assigned to dendrimer shape change from G3 to G4.928 Monodentate phosphoramidite-RhI-terminated Fre´chet-type dendrons catalyzed the asymmetric hydrogenation of R-dehydroamino acid esters and itaconate with up to 97.9% ee and high catalytic activities, although G3 showed a slightly decreased activity. The positive dendritic effect in these reactions disclosed from the monomer to the low-generation dendrimers was assigned to the catalyst shielding by the dendrons against hydrolysis of the complex.929 Rhodium catalysts with imidazolium salts attached to Fre´chet-type dendrons catalyze the hydrosilylation of acetophenone with dendritic effects and yield a decrease with time being observed for G1 but not for G2-G4.930



5.3.3. Ruthenium Complexes 5.3.3.1. Olefin Metathesis Catalysts. Early work of ruthenium-branched compounds concerned metathesis catalysts. Hoveyda’s group synthesized two tetrabranched Rubased complexes in which the branches were -(CH2)3SiMe2(CH2)3OC(O)(CH2)2- units that were connected to the styrenyl ether ligand. This complex catalyzed ring-closing, ring-opening, and cross metathesis. The yield of ring-closing metathesis of TsN(CH2CHdCH2)2 using 5% mol Ru of the dendritic catalyst was 99%. The catalyst was recovered with 13% vacant styrenyl ligand (i.e., 13% Ru loss). It was suggested that the catalytically active Ru species was released from the dendrimer into the reaction mixture and could be trapped again by a styrenyl ether ligand arm of the dendrimer.931 Another analogous 4-branch metallodendritic catalyst containing the N-heterocyclic carbene promoted the formation of trisubstituted allylic alcohol and was recovered with only 8% Ru loss. It also catalyzed tandem ROM/RCM and was easily separable from reaction mixtures because of its polarity and high molecular weight. RCM reactions of diethyl diallylmalonate to the favored 5-membered cyclopentene ring using chelating dendritic ligands coordinated to Ru were also reported by the van Koten group.932 Thus, dendrimers containing 4 or 12 branches, i.e.,
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Si[(CH2)3SiMe2pC6H4CHOH(CH3)py]4 and Si{(CH2)3Si[(CH2)3SiMe2pC6H4CHOH(CH3)py]3}4 reacted with [Ru(dCHPh)Cl2(PR3)2] (R ) i-Pr or c-Hex) to give 5-coordinate dendritic Ru complexes in which the O,N-chelating ligands were attached to Ru with the alkoxy ligand in equatorial position and the pyridyl ligand in axial position. The RCM reactions were quantitative after 30 min at 80 °C with 1 mol % (based on ruthenium) of either catalyst, as with the monometallic catalyst. In CFMR, conversion did not increase above 20%. Extensive decomposition occurred as a black precipitate formed in the vessel containing the catalyst, presumably because the catalyst was deactivated by the membrane surface. The Ru-benzylidene dichloro complexes of G1-G3 PPI dendrimers terminated by chelating amino-di(phosphinomethyl) ligands were metathesis catalysts for the ROMP of norbornene under ambient conditions, forming metallodendritic stars in which each branch has incorporated, for instance, 100 norbornene units.824 The G1 metallodendrimer containing 4 ruthenium centers was more active than the monoruthenium catalyst, which was taken into account by more tether-flexibility induced facile phosphine decoordination (rate-limiting step providing the active 14-electron catalytically active Ru centers) in this dendrimer than in the monomeric model catalyst. The metathesis polymerization rate decreased with increasing dendrimer generation, however, due to increasing steric congestion at the dendrimer periphery inhibiting the olefin approach to the Ru centers (Figure 50).933–935 Norbornene polymerization was also catalyzed by G1- and G2-nickel catalyst-terminated PPI dendrimers using methylaluminoxane as the cocatalyst, whereby the catalytic activity was influenced by the dendrimer generation.935 5.3.3.2. Hydrogenation Catalysts. The asymmetric hydrogenation of β-ketoesters was catalyzed by dendritic chiral phosphine ruthenium complexes with good activity and remarkable dendritic effects on the ee, with the stereoselectivity being strongly influenced by the dihedral angle of the diphosphine that is related on the generation-dependent dendritic wedge.936 A tetrabranched phosphoranyl-terminated carbosilane derivative coordinated to four [Ru(p-cymene)Cl bipyRu(p-cymene)Cl2] units catalyzed hydrogen-transfer hydrogenation of cyclohexanone, with the stoichiometric hydrogen donor being cyclohexadiene or formic acid. This G1 dendrimer was very active but less so than the mononuclear species, and the dendritic effect was also negative up to G3, which was less active than G1.937 5.3.3.3. Other Types of Catalysis. Electron-transfer-chain catalysis was carried out with G3 and G4 Reetz’ dendritic phosphines (PPI terminated with N(CH2PPh2)2) loaded with the cluster [Ru3(CO)11] on each of the 32 or 64 phosphines. FeI-catalyzed substitution of one CO ligand of [Ru3(CO)12] by a phosphine branch.938,939 The reaction was very clean, as shown by 31P NMR, upon electron-transfer-chain catalysis under ambient conditions with 1% of the standard electronreservoir complex [FeI(η5-C5H5)(η6-C6Me6].940–942 The Knoevenagel condensation of malononitrile and cyclohexanone was catalyzed by a G3 dendrimer terminated by 24 Ru-diphosphine species. The catalytic activity was often higher than that of the monomeric complex, and the dendritic catalyst was recycled without significant loss of activity.943 A hexabranch compound terminated with [Ru(η5C5H5)(CO)2(alkyl)] termini was supported on silica. This material was compared to Ru/SiO2 in the CO hydrogenation
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Figure 50. Comparison of norbornene ROMP rates for the mono-Ru model and the dendrimers. Reprinted with permission from ref 934 (Astruc’s group). Copyright 2004 American Chemical Society.



catalysis but did not produce Fischer-Tropsch products, indicating that a single Ru site was insufficient for Fischer-Tropsch catalysis.944



5.3.4. Other Transition-Metal Catalysts G2 and G3 alkoxysilyl-terminated Ti-containing carbosilane dendrimers catalyzed the epoxidation of cyclohexene with better yields and initial rates than the Shell catalyst based on the reaction of silica with Ti(O-i-Pr)4. These catalysts were generated by acid-catalyzed hydrolysis of the carbosilane dendrimers in benzene giving monolithic gels followed by reaction with Ti(O-i-Pr)4. A positive dendritic effect was disclosed on the gel surface area.945 Fre´chet-type dendrons having styrenyl end groups and bearing Ti(OCHMe2)2 species coordinated by TADDOL (R,R,R′,R′- tetraaryl-1,3-dioxolane4,5-dimethanol) were cross-linked into a polystyrene support, and this material catalyzed asymmetric addition of diethylzinc to benzaldehyde with 98% ee in 20 sequential applications. Nondendritic supported catalysts had slightly lower ee’s. The catalyst efficiency decreased with increasing the spacer length between TADDOL and the polymer backbone.946 Rigid dendrimers based on 4,4′,6,6′-tetrabromo-1,1′bi-2-naphthol coordinated to Ti(O-i-Pr)4 catalyzed the addition of diethylzinc to 1-naphthaldehyde with 90% ee and 100% conversion and were easily separated by precipitation using methanol.947 Ti and Zr cyclopentadienyl (β-diketimi-



nato) complexes surrounded by dendritic wedges catalyzed ethylene polymerization with higher activity than [Ti(η5C5H5)Cl3], [Zr(η5-C5H5)Cl3], and the monometallic β-diketiminato complexes.948–950 The zirconocene-type R-olefin polymerization precatalyst ([Zr(Ind)2Me2] showed enhanced activity even in aliphatic solvents when the perfluorophenylborane Lewis acid was covalently attached to the periphery of a carbosilane dendrimer (4, 12, or 36 tethers, but no effect of tether number was found).951 Steric crowding of the anion resulting from the dendrimer frame can be compared to that in methylaluminoxane (MAO). Bis(imino)pyridyl iron(II) catalyst precursors of ethylene polymerization attached to similar G1 and G2 dendrimers provided positive dendritic effects (compared to the parent iron catalyst) on the activity, molecular weight, and melting temperature only at relatively low MAO/Fe ratio ( carboxylate > sugar > methyl ester.993 Heterobimetallic Au-Pt, Au-Pd, and Pt-Pd DENs as alloys were also prepared for this reaction in water, based on G3, G3.5, and G5.5 PAMAM dendrimers. The Au-Pd and Pt-Pd DENs exhibited higher activities than monometallic DENs, but the Au-Pt DENs showed activity that was comparable to that of monometallic Pt DENs, and the rate decreased compared to that found with Au DENs, because Pt poisoned catalysis. The catalytic activity was also dependent on the nature of the terminal group of the PAMAM dendrimer.994 G4-Phenylazomethine dendrimers and G4-OH-PAMAM dendrimers were loaded with RhCl3, and 1.2-nm Rh DENs formed upon reduction by NaBH4 and containing 64 Rh atoms (assuming face-centered cubic, fcc, closed-packed structure) were active catalysts for the hydrogenation of various olefins and nitroarenes in methanol under 1 atm H2 at room temperature.995 G4-Phenylazomethine- and G4-PAMAM-OH Rh DENs catalyzed olefin and nitroarene hydrogenation very ef-
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Figure 54. TEM images of Pd nanoparticles encapsulated within the G2 dendrons; (a) G2 Py-CO2Me Pd(0), (b) G2 Py-C6 Pd(0), (c) G2 Py-C12 Pd(0), and (d) the size distributions of G2 Py-C6 Pd(0). Reprinted with permission from ref 990 (Kaneda’s group). Copyright 2008 Royal Society of Chemistry.



Figure 55. Synthetic procedure of Rh60@TPP-DPA G4. Reprinted with permission from ref 996 (Nishihara and Yamamoto’s groups). Copyright 2008 Royal Society of Chemistry.



fectively, affording high TOFs (up to 17 520 h-1). It was shown that the substrates could pass though the branches of the dendrimers without releasing the RhNPs (Figure 55).996 The Crooks group reported the synthesis and catalytic evaluation of Cu DENs as an undergraduate experiment to explore catalytic nanomaterials. The model reaction was the NaBH4 reduction of p-nitrophenol to p-aminophenol. The rate constant for the catalytic activity was estimated by measuring the pseudofirst-order reaction kinetics obtained by monitoring the absorbance variations of p-nitrophenol reduction by UV-vis spectroscopy.997 5.5.1.3. Pd-Catalyzed Heterocoupling. DENs also show enhanced efficiency and selectivity of heterocoupling such as Heck reactions.655,987–992,998–1000 For instance, the coupling of n-butyl acrylate with aryl halides in biphasic organic solvents catalyzed by PPI Pd DENs was shown to proceed at 90 °C instead of temperatures higher than 120 °C used for other PdNPs. The reaction was also 100% selective for the trans-isomer of n-butyl formylcinnamate.655 The comparison of the catalytic efficiency of PdNPs stabilized by polymers such as poly(vinylpyrrololidone) (PVP) and dendrimers (DENs) for the Suzuki-Miyaura reaction by El Sayed’s group showed that the dendrimers provide higher stability but lower activity than PVP. The lowest activity was disclosed for the highest dendrimer generations as a result of highest resistance to mass transfer and/or passivation



of catalyst surface by functional groups.998,999 Pd NP catalysis of the Suzuki-Miyaura reaction by DENs has been studied by several research groups.865,988,998,999 The well-known “click” reaction has been used by the Astruc group to stabilize transition-metal ions including PdII by the 1,2,3-triazole ligand658–661 and to form “click”dendrimer-protected Pd nanoparticles by reduction of the PdII species to PdNP either as DENs or dendrimer-stabilized PdNPs (DSNs) when the dendrimers are too small (G0). Such PdNPsareveryactivecatalystsforselectivehydrogenation536,1001 and Suzuki-Miyaura cross-coupling reactions.1002 This latter reaction was efficient under ambient conditions for the coupling of phenyl iodide with down to 1 ppm catalysts, and the TON of this catalyst went higher as the catalyst amount was decreased. This “homeopathic” behavior was taken into account by a leaching mechanism of extremely reactive ligandless Pd atoms from the PdNPs subsequent to oxidative addition of phenyl iodide and less efficient quenching of these Pd atoms by PdNPs as the catalyst concentration is decreased. Such a mechanism was proposed for the hightemperature Heck reaction with catalysts such as Pd(OAc)2 that decompose to PdNPs,785 but in the present case, it is proposed to be operating at room temperature with PdNPs that are not bound to ligands (Figures 56 and 57).1002 Moreover, the “click”-dendrimer-stabilized PdNPs can be solubilized in water by using propargyl sulfonate for the
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Figure 56. Extraction of PdNPs from DSNs or DENs with hexanethiol without any change in the size of the PdNPs to produce air- and water-stable, catalytically active hexanethiolate PdNPs. Reprinted with permission from ref 1002 (Astruc’s group). Copyright 2007 WileyVCH.



Figure 57. Proposed mechanism for the Suzuki reaction at RT by dendrimer-encapsulated Pd nanoparticles resembling that suggested by de Vries for the Heck reaction at 130 °C. Reprinted with permission from ref 1002 (Astruc’s group). Copyright 2007 WileyVCH.



“click” reaction, leading to sulfonate-terminated “click” dendrimers. The PdNPs were then formed by NaBH4 reduction of the PdII-sulfonate-triazole dendritic complexes and were equally efficient catalysts at room temperature for styrene hydrogenation and Suzuki-Miyaura cross-coupling reaction of phenyl iodide in an aqueous medium.1003,1004 Airstable dendritic phosphine oxide-stabilized PdNPs were demonstrated to be efficient catalysts for Suzuki and Stille coupling reactions and for hydrogenation.1005



5.5.2. Heterobimetallic Nanoparticles in Homogeneous Catalysis 5.5.2.1. Characterization of Heterobimetallic Nanoparticles. Heterobimetallic nanoparticles can be alloys, obtained by coreduction of two metal salts, or of “core-shell” structure, obtained by successive reduction of each metal salt. A variety of techniques are being used for their analysis:1006 TEM, including HRTEM, allows for examination of their size and morphology;986,1007–1009 AFM provides a vertical height measurement complementing the lateral dimensional TEM measurement;1006,1012 UV-vis explores the results of various synthetic routes but cannot quantitatively analyze the composition;1006,1008,1010 infrared spectroscopy analyzes the metallic surface composition for the distinction of different structures and approximately evaluates the surface composition;1006,1013 single-particle energy-dispersed X-ray spectroscopy (EDS) examines the variations in composition, but with large standard deviation when the NPs are smaller than 1.5 nm (Figure 58);986,1006–1016 XPS provides information about the surface electronic state and elemental composition; EXAFS estimates the possible structure via calculation of the number of surrounding atoms of each absorbing metal element (although



Figure 58. Bright-field TEM images and particle-size distributions for G4-NH2(Pd27.5Au27.5) DENs prepared by cocomplexation of the corresponding metal salts followed by reduction: (a), (b) as synthesized; (c), (d) after incorporation into the titania matrix and subsequent calcination at 500 °C under O2 and H2. Reprinted with permission from ref 1011 (Crooks’ group). Copyright 2005 American Chemical Society.



it may be difficult to get a precise set of absolute values of coordination numbers);1017 and chemical extraction allows for the analysis of the chemical composition.1010 5.5.2.2. Selective Hydrogenation. 5.5.2.2.1. Alloys. Heterobimetallic nanoparticle catalysts find their origin in the late 1980s1018 and were developed in Toshima’s group for 1-3nm AuPdNPs stabilized using poly(N-vinyl-2-pyrrolidone). These NPs exhibited enhanced efficiency for the partial hydrogenation of 1,3-cyclooctadiene compared to mixtures of single-metal NPs.1017,1019,1020 More recently, Crooks pioneered the use of heterobimetallic DENs in selective catalysis including under “green” conditions.652–654 Heterobimetallic water-soluble alloy DENs were prepared by cocomplexation of G4-PAMAM-OH dendrimers with mixtures of K2PdCl4 and K2PtCl4 followed by NaBH4 reduction. The resulting metal ratio in the DENs is controlled by the initial loading and verified by single-particle EDS. These PdPtNPs gave significantly higher TONs for the hydrogenation of allylic alcohol than for single-metal analogues.986 Related enhancements were also observed for the partial hydrogenation of cyclohexene1021 and 1,3-cyclo-octadiene.1015 Toshima had, in the early 1990s, taken such enhancements by 1-2-nm
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PdPtNPs (alloy) stabilized by polymers into account by synergistic electronic effects involving the ligands.1019,1020 5.5.2.2.2. Core-Shell. Core-shell heterobimetallic NPs were first synthesized by Schmid’s group, with the core-shell structure being demonstrated by HRTEM and EDS microanalyses.1022 Crooks’ group showed that some core-shell heterobimetallic NPs such as [Au]PdNPs ([Au] indicates the AuNP core) are also superior catalysts to PdNPs. For instance, selective reduction of PdCl42- onto G6-Q116(Au55) seeds using H2 yielded [Au]PdNPs with shells of 95 and 455 Pd atoms and sizes of 1.8 and 2.3 nm, respectively, that had significantly enhanced catalytic activity for the hydrogenation of allylic alcohol in water.1009 Peng et al found that dendrimer-derived PtXNPs and PtPdNPs showed kinetics trends indicating enhanced catalytic behavior for selective 3,4-epoxy-1-butene hydrogenation compared to traditional catalysts prepared by wet impregnation of metal salts.1006 These authors also reported that G5-Q(Ru5Rh5) DENs catalyze the regioselective reaction of poly(methylhydro)siloxane with 1-hexene to poly(methylhexyl)siloxane with high efficiency.1006,1023



5.5.3. Dendrimer-Encapsulated Nanoparticles in Heterogeneous Catalysis In heterogeneous catalysis, nanoparticles stabilized by encapsulation in PAMAM dendrimers (PAMAM DENs) are immobilized on solid supports such as gold, silica, alumina, titania, or a polymer matrix, most frequently using the terminal-NH2 and -OH groups of the dendrimers. The advantage of using dendrimers is that the NP size, composition, and dispersity are well-defined and controlled. Although such systems are catalytically active when a solvent is present,655 this is no longer the case, however, in the absence of solvent. For instance, the gas-phase reactant CO cannot bind the DEN surface, because the dendrimer collapses around the NP and poisons the NP surface, rendering it inactive.859 The difficulty then resides in the removal of the dendrimer without transforming or perturbing the NP.853,854,863 Indeed, dendrimer removal may lead to increase in both particle size and distribution. This is illustrated by FTinfrared studies of PAMAM dendrimer removal leading to the formation of surface carboxylates and the need to use high temperature for decomposition.1024 5.5.3.1. Methods of DEN Immobilization and Dendrimer Removal. DENs terminated with amine and partially quaternized amines covalently linked to mercaptoundecanoic acid formed self-assembled monolayers (SAMs) bound to the Au surface via their thiol groups.1025–1027 DENs terminated by alcohols were linked to glassy carbon electrodes by cycling the potentials three times between 0 and 1 V vs Ag/ AgCl, 3 M NaCl.1029 Thiophene-terminated PAMAM Pt DENs were coelectropolymerized with poly(3-methylthiophene).654,1028 Dendrimers have also been calcinated on support when they were loaded with unreduced metal ions.1029–1031 Pd DENs supported on mica or highly oriented pyrolytic graphite (HOPG) were calcinated at 630 °C, forming large aggregates from the PdNPs.696 Chandler reported the first successful dendrimer removal upon calcination using G5-PAMAM-OH Pt50 DENs and G5PAMAM-OH Pt100 DENs at 300 °C in a O2/He flow, which resulted in PtNPs that largely retained their original size (for instance, from 1.9 to 2.2 nm).1024 Dendrimer removal was indeed accelerated by PdNP catalysis. Calcination using these conditions of Pd DENs and Au DENs required around 500
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Figure 59. Cyclic voltammograms of G6-OH(PtnPd180-n) (n ) 180, 150, 120, 90, 60, 30, and 0). Reprinted with permission from ref 1036 (Crooks’ group). Copyright 2007 American Chemical Society.



°C to remove the PAMAM dendrimers accompanied by considerable NP size increase, for instance, from 1.7 to 7.2 nm for G4-Q32Au55,654 although lower temperatures yielded better results.1032 Incorporation of Pd DENs and Au DENs into sol-gel matrixes minimize NP growth due to isolation within the sol-gel framework, for instance, from 2.0 to 2.7 nm for Au55 DENs upon calcination at 500 °C.1033,1034 Extension of this procedure to the heterobimetallic nanoparticles PdAu DENs for G4-NH2(Pd27.5Au27.5) increased the NP size from 1.8 to 3.2 nm upon calcination.1011 5.5.3.2. Electrocatalytic O2 Reduction. Electrocatalytic O2 reduction using Pt DENs was initially shown subsequent to immobilization of OH-terminated PAMAM dendrimers onto Au surfaces, but these DENs were easily displaced from the electrode.1011 Subsequently, G4-PAMAM-OH Pt40 DENs electrodeposited on glassy carbon electrodes as stable films upon anodic oxidation (vide supra) yielded electrocatalytic O2 reduction at 0.22 V, with a gain of 0.6 V compared to the noncatalytic reduction.1033–1035 G6-PAMAM-OH PtPd DENs electrodeposited onto such electrodes in an aqueous 0.1 M LiClO4 electrolyte solution catalyzed the 4-electron O2 electroreduction as characterized by cyclic and rotating voltammetry with relative mass activity enhancement of a factor up to 2.4 compared to monometallic Pt DENs (Figure 59).1036,1037 G4-PAMAM-NH2 AuPt DENs electrodeposition in a 0.5 M H2SO4 supporting electrolyte solution onto an indium tin oxide (ITO) surface yielded nanoflowers of bimetallic NPs that also exhibited a good electrocatalytic activity for O2 reduction.1038 5.5.3.3. CO Oxidation. The seminal work by Haruta on CO oxidation demonstrated the need of small ( 50%) until 8 h of oral administration to Kunming mice, whereas this activity was absent with the free drug after 3 h.1110 G4PAMAM complexation brings about a 10-fold increase in permeability and more than 100-fold increase in cellular uptake with respect to free 7-ethyl-10-hydroxycamphtothecin, suggesting that this complex has the potential to improve the oral bioavailability of this drug.1528 Permeability studies of 4-PAMAM-arginine and -ornithine conjugates across IPEC-J2 cell monolayers, a new intestinal cell line model for drug-absorption studies, suggested that these dendrimerpolyamine conjugates are potential carriers for antigen/drug delivery through the oral mucosa.1529 Transdermal drug delivery (TDD) is a noninvasive, safe method of penetrating drugs through the skin that has revolutionalized the pharmaceutical industry, because skin is the most easily accessible organ in the body and TDD provides a steady drug concentration in the blood, thus simplifying dosing and minimizing pain.1530,1531 Dendrimers can act as effective transdermal penetration enhancers that are required to overcome the barrier function of the skin involving closely packed dead cells that impose tortuosity on the diffusion path across the membrane. PAMAM dendrimers including cationic ones were found to be efficient, in particular to solubilize hydrophobic drugs.1146 This technique appears as an emerging choice for various skin diseases in clinical trials.1526 In ocular drug delivery, the main challenge is to increase the drug bioavailability and prolong the residence time on the cornea, conjunctival and cornal epithelia. Dendrimers might dissolve hydrophobic drugs and accomplish retention and sustained, controlled drug release.1137 Various PAMAM-NH2, PAMAM-OH, and PAMAM-CO2- dendrimer complexes, and some PPI, PAMAM, and lipid-lysine dendrimer conjugates, significantly improved the bioavailability of drugs.1526,1532–1538 Recent studies indicated that some lipid-lysine dendrimers, for which in vivo studies showed lack of toxicity, might be used as biocompatible ocular gene carriers to prevent ocular neovascularization that can be a main cause of blindness, when it is not controlled.1537,1538 Dendrimers are being increasingly proposed in various other delivery routes including rectal, vaginal, and nasal routes due to their tissue-penetration abilities. For instance, the poly(L-lysine)-dendrimer based microbiocide Vivagel (Starpharma) has been clinically tested for topical administration in the vagina against HIV and other sexually transmitted infections such as herpes.1351,1539,1540 An advanced local,
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noninvasive, and effective technique, iontophoresis, consists of inducing the penetration of ionic nanomaterials such as highly charged drug-dendrimer complexes or conjugates into tissues using a weak electric field; it is widely used in transdermal and ocular delivery.1532 Transepithelial transport of PEGylated anionic G3.5- and G4.5-PAMAM-CO2H dendrimers with 1, 2, and 4 PEG per dendrimer was examined concerning the cytotoxicity, uptake, and transport across Cacao-2 cells in view of oral drug delivery. Dendrimer PEGylation reduced the opening tight junctions; modulation of the tight junctional complex correlated well with changes in PEGylated dendrimer transport and suggested that anionic PEGylated PAMAM dendrimers are transported primarily through the paracellular route and show promise in oral delivery.1541



6.8. Medical Diagnostics: Imaging Pretargeting of receptors is a useful approach in molecular imaging and therapy to reduce background noise or toxicity and enhanced selectivity. Such an approach was carried out using a biotinylated antibody, avidin/streptavidin, and a biotinylated imaging with a G4-PAMAM-MRI T1 DTPAGd-biotin dendrimer.1533



6.8.1. Magnetic Resonance Imaging Magnetic resonance imaging (MRI) is now currently used in medical diagnostics to visualize organs and blood vessels. It consists of improving the quality of visualization by enhancing the longitudinal (T1) relaxation rate of protons of H2O molecules by coordination to paramagnetic contrast agent that are GdIII chelates complexes such as widely used [GdIII(DTPA)] (DTPA ) diethylenetriamine pentacetic acid) commercially known as Magnevist (Schering AG) and [GdIII(DOTA)] (DOTA ) tetracarboxymethyl-1,4,7,10-tetraazacyclododecane). In these complexes, the relaxativity (relaxation rates of H2O protons per mmol of GdIII ion as a function of the magnetic field strength) is high enough. The key properties required for GdIII MRI contrast agents are the good biocompatibility (low toxicity), the use at a low dose, a good excretion from the system, and a high thermodynamic and kinetic stability (Figure 97).1542–1550 GdIII-containing PAMAM dendrimers were loaded with paramagnetic probes, which allowed determining the relative locations and concentrations of GdIII by ESR.1550 Major problems of low-molecular-weight complexes are short circulation times within the body and lack of



Figure 97. Gd-TREN-bisHOPO-TAM-Me(H2O)2 (Gd-1) and GdTREN-bisHOPO-TAM-Asp-Asp2-12OH(H2O)2 (Gd-2). Reprinted with permission from ref 1547 (Reymond’s group). Copyright 2005 American Chemical Society.
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Figure 98. Mechanism of interstitial delivery of nanosize particles. Top: G6 dendrimers are taken up by lymphatics resulting in specific uptake by the lymphatics resulting in opacification of the lymph nodes (black). Lower-molecularp-weight contrast agents (bottom) are absorbed by the lymphatics but leak out from them, resulting in lower lymph node concentrations (gray). Reprinted with permission from ref 1560 (Kobayashi’s group). Copyright 2006 Elsevier.



discrimination between diseased and normal tissues. Subsequently, macromolecular derivatives were designed by combination with polylysine, PEG, polysaccharides, and proteins, but their slow secretion rate and resulting accumulation in the liver and toxicity risk related to GdIII release during metabolism limited their clinical applications.1050–1052,1055 The development and commercialization of PAMAM dendrimers was decisive in bringing a breakthrough in the MRI field when, in 1994, the groups of Lauterbur (2003 Nobel Prize in medicine) and Tomalia reported G2- and G6PAMAM dendrimer-based GdIII chelates conjugated to the chelate [GdIII(dtpa)] {dtpa ) 2-(4-isothiocyanatobenzyl)-6methyldiethylenetriaminepentacetic acid} via a thiourea linkage. Excellent MRI images of blood vessels and long blood circulation times (>100 min) were obtained with G6PAMAM-[GdIII(dtpa)] upon intravenous injection on rabbits.1551–1554 The relaxativity increasing linearly with the molecular weight, the best results were obtained later with G9- and G10-PAMAM dendrimers. The incorporation of PEG units was successful in considerably lowering liver retention after seven days (from 40% without PEG) to 1-8%, and conjugation to monoclonal antibodies or avidin provided tumor-specific MRI agents. Commercial applications of these concepts followed with Gadomer 17, a 24-GdIII-DTPA dendrimer containing trimesic acid core connected to G2polylysine dendrons bearing 24 DTPA and 24 DOTA peripheral chelating-GdIII groups, respectively.800 PPIGdIII(dtpa) dendrimers were used as well.1555,1556 DendrimerGdIII complexes for MRI have been reviewed.1050–1052 More recently, a G8-PAMAM-Gd dendrimer conjugate allowed visualization of changes in tumor permeability after a single dose of radiation.1557 In vivo imaging in mice of a G4PAMAM-dendrimer-GdIII-DTPA conjugate showed a



reasonably fast clearance (t1/2 ) 24 min), suggesting that it is a viable agent for use in clinical applications.1558 Micromagnetic resonance lymphangiography, a new method relying on temporarily enhanced permeability of tumor vasculature to drugs, was probed in mice bearing hematomas to improve the contrast between intralymphatic and extralymphatic imaging (Figure 98).1559,1560 Beside PAMAM and lysine dendrimers, PPI and DAB dendrimers conjugates have been used as macromolecular MRI agents.1561 With the same number of termini, DABbased reagents cleared more rapidly from the body than PAMAM-based agents.1562 High generations such as G5 showed more gradual diffusion than lower ones.1563 Imaging of oncogene mRNA in tumor cells by hybridization of complementary oligonucleotides was achieved with polyamidopropionate-peptide nucleic acid-GdIII conjugates.1564 The groups of Fre´chet and Prasad examined the generation of cytotoxic singlet oxygen for PDT to subcutaneous tumors by fluorescence resonance energy transfer (FRET) using porphyrin sensitizers as dendritic cores of dendrimers containing two-photon donor chromophores such as the complex polyaromatic AF-343 at the periphery (see section 3.7).267–269 19F NMR has been used as an MRI technique utilizing pH-responsive fluorinated dendrimers.1565 MRI lymphangiograhy using dendrimer-based contrast agents has been compared at 1.5T and 3T.1566 A dual computer tomography (CT)-MRI dendrimer contrast agent was used as a surrogate marker for convection-enhanced delivery of intracerebral macromolecular therapeutic agents.1565 Superparamagnetic iron oxide NPs are effective contrast agents for labeling cells to provide high sensitivity in MRI, but this sensitivity depends on the ability to label cells with sufficient quantities of SPIO, which is challenging for nonphagocytic cells such as cancer cells. Therefore, cell-
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Figure 99. Confocal laser scanning microscopy image of GL261 cells following a 2 h incubation with the dendritic nanoparticle at a concentration of 25 µg of Fe/mL. Reprinted with permission from ref 1566 (Gillies’ group). Copyright 2008 American Chemical Society.



penetrating polyester dendron with peripheral guanidines was conjugated to the SPIO surface. In GL261 mouse glyoma cells, the dendritic guanidine exhibited similar cell-penetrating capabilities to the HIV-Tat47-57 peptide for the transport of fluorescein, and when conjugated to SPIO, it provided enhanced uptake in comparison with NPs having no dendron or dendrons with hydroxyl or amine peripheries. Greater toxicity than with hydroxylated or aminated dendrons was disclosed, however, although the NPs were relatively nontoxic at the concentrations required for labeling (Figure 99).1566 Multicolor imaging of lymphatic function was advantageously carried out with two probes: dendrimer-based optical agents and quantum dot-labeled cancer cells, because the lymphatics, critical conduits of metasases, are difficult to study using only one method given their size and location.1567



6.8.2. Computed Tomography, A Radiolabeling and Imaging Method Computed tomography (CT) is a medical imaging method used to generate a three-dimensional image of the inside of
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an object from a large series of two-dimensional X-ray images taken around a single axis of rotation. It is an important tool in medical imaging used in the diagnosis of various disease entities and has recently begun to also be used for preventive medicine or screening for disease. CT usually utilizes mostly iodinated agents and is regarded as a moderate-to-high radiation diagnostic technique. Targeted delivery is a key issue, as for other imaging methods; therefore, dendrimer conjugation is most useful. Iodinated contrast agents based on iobitridol-G3-G5 poly(lysine) dendrimers containing PEG cores have been used for tumor microvasculature CT imaging and produced strong visualization of normal rat vasculature. The large molecular weight of the dendrimer conjugate was responsible for good retention, with the half-time in blood being 35 min, compared to the typical exhaustion time of 5 min recorded for smallmolecule CT contrast agents.1568 Metalation of G5-G7-dendrimers terminated with tridentate bis(pyridyl)amine by another radioactive element, 99mTc(I), provided dendrimer radiolabeling, and distribution in healthy adult Copenhagen rat using dynamic small-animal single photon emission computed tomography indicated that the labeled dendrimers were rapidly eliminated from the bloodstream via the kidneys.1569 Positron-emitting tomography (PET) allows a tridimensional view, and the Fre´chet group designed a biodegradable dendritic radiohalogen-based (125I and 76Br) PET nanoprobe targeted at RVβ3 integrin, a biogical marker for the modulation of angiogenesis (cf section 6.2.6). The radioactive halogens were located at the dendrimer core in order to prevent in vivo dehalogenation that is frequently encountered in imaging. Targeting peptides of arginine-glycine-aspartic acid (RGD) motifs were located at the termini of the PEG chains to favor their accessibility to the RVβ3 integrin receptors. This dendritic engineering enabled a 50-fold increase of the binding affinity to RVβ3 integrin receptors compared to the monovalent RGD alone. In vivo biodistribution studies of 76Br-labeled dendritic nanoprobes showed excellent bioavailability. In vivo studies in a murine hindlimb ischemia model for angiogenesis showed high nanoprobe



Figure 100. Noninvasive PET/CT images of angiogenesis induced by hindlimb ischemia in a murine model. (A) Nontargeted dendritic nanoprobes (shown bottom center). (B) Uptake of Rvβ3-targeted dendritic nanoprobes was higher in ischemic hindlimb (left side of image) as compared with control hindlimb (right side of image) Reprinted with permission from ref 1570 (Fre´chet’s group). Copyright 2009 National Academy of Sciences of the U.S.A.
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Figure 101. Time course of internalization of (a) FD-1 and (b) FD-2 into NIH-3T3 cells (fixed) at 37 °C. The conjugate concentration was 10 µM. Reprinted with permission from ref 1578 (Harth’s group). Copyright 2007 American Chemical Society.



accumulation targeted at RVβ3 integrins in angiogenic muscles, allowing highly selective imaging (Figure 100).1570



6.8.3. Fluorescence Fluorescence quantification in tissues using conventional techniques can be difficult due to the absorption and scattering of light in these tissues. One-photon (see also section 3)1571 and two-photon255,256 (see section 3.7) fluorescent tumor-sensing systems have been developed with the advantage for the latter of high spatial (µM) resolution. Twophoton optical fluorescence fibers use a single-mode fiber to transport femtosecond laser pulses for excitation and to collect emitted tissue fluorescence.1572,1573 This technique has been used with a G5-PAMAM dendrimer conjugated to folic acid and the fluorescent probe 6-carboxytetramethylrhodamine succinic ester (6-TAMRA) to target xenograft tumors in mice; it showed accumulation in the tumor up to 673 ( 67 nM at 2 h, whereas the analogous conjugate without folic acid reached only 136 ( 28 nM in 2 h.1574–1576 The same fiber probe was used for labeling human squamous KB cell tumors grown in vivo in mice and detected a 3-fold increased tumor fluorescence in animals that were treated with the targeted dendrimer conjugate compared to the conjugate that did not contain folic acid, which demonstrated the utility of this technique.1577 Newkome-type dendrimers were found to be ideal nanovectors of two nonpeptidic fluorescent markers that were internalized into mammalian cells with strong subcellular localization (Figure 101).1578 Antibody-Au quantum dot-PAMAM dendrimer complexes were used as an immunoglobin immunoassay based on linear fluorescence quenching over a micromolar to nanomolar concentration range.1579 Dendrons containing fluorescent probes with two other usefully functionalized tethers (carboxylic acid and azido) have been designed for branching to biomedical devices.1580 The interactions between G4.5-PAMAM dendrimers and bovine serum albumin were analyzed using fluorescence and equilibrium dialysis.1581–1585 Optical fluorescence has been coupled to MRI in a single hybrid probe in dendrimers to localize the sentinel lymph node and other targets.1586–1588 Dansyl fluorescence in dendrimers (cf. section 3.4) has been used for cellular uptake and intracellular localization by confocal fluorescence microscopy.1589 Covalent encapsulation of near-IR fluorophores in a biodegradable dendrimer surrounded by a shell of polyethylene oxide conferred enhanced stability to the nanoprobe with additional resistance to enzymatic degradation, prolonged blood residence time, and enabled monitoring fluorescence lifetime changes in vivo.1590 The extracellular cell matrix (ECM) surrounds cells and plays important roles in many aspects of cellular fate, including cell migration, stem cell differentiation, and cancer progression. Therefore, the Mu¨llen group has reported a positively



charged fluorescent core-shell dendritic macromolecule containing multiple -NH2 groups that bind to highly charged ECM components with advantageous optical properties and biological specificity.1591



6.9. Biosensors 6.9.1. Dendritic DNA Biosensors Nucleic acids have been used as dendrimer constituents at the end of the 1990s and the beginning of this decade,1592,1593 and some of them are commercially available (3DNA).1594 Physical properties of interest included AFM, dynamic light scattering,1592 flow cytometry,1593,1595 fluorescence,1595 diffusion,1596 and conductivity (Figure 102).1597–1599 DNA microarrays and biosensors are a broad area, in which dendrimers are involved, and it has been the subject of two special volumes1600,1601 and a review article by Rosi and Mirkin1602 published in 2005. The principle consists of immobilizing nucleotides on glass slides by covalent grafting in order to analyze mixtures of fluorescent-labeled nucleic acids, with fluorescence serving for quantifying the hybridization. First, dendrons were grown on the slide,1603 a technique that has been then largely improved.1604–1606 In 2001, the Niemeyer group pioneered the field with PAMAM dendrimers and obtained stable fluorescence intensity that was considerably increased compared to that for nondendritic linkers.1607,1608 PPI dendrimers have also been used.1609 Subsequently, larger increases in intensities were obtained,1610–1614 in particular using high-generation aldehydeterminated dendrimers and aminated slides that provided high sensitivities.1610–1613 A G3-PAMAM dendrimer conjugated to biotin was immobilized on glass slides using avidin complexation and examined using AFM and SEM for lowconcentration DNA detection, increasing the sensitivity for fluorescence-labeled target DNA.1613 An elegant patterning method reported by Reinhoudt’s group involved stamps for microprinting, providing microarray replication. The stamp, inked with the PPI dendrimer, was incubated with DNA labeled with fluorescein. The dendrimer was then washed out after printing on the slide, allowing fluorescence analysis of the patterned DNA microarray.1615,1616 Other recently used techniques in this context involve dendrimer nanotubes,1617 ZnCdSe quantum dots,1618,1619 quartzcrystal microbalance, piezoelectric membranes, gold colloids,1620 plasmon resonance,1621 and electrochemistry (Figure 103).1622–1625 Electrostatic interactions between positively charged (mostly) PAMAM dendrimers and oligonucleotides involved studies that were essentially directed toward gene transfection (cf. section 6.2.7); they provided information on these interactions through various physical methods619,620,1599,1626–1631 and were reviewed in 2005 by Florence.619,620
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Figure 102. Principle of a DNA chip or DNA array. Only the oligonucleotide complementary to the one immobilized on the surface can hybridize. The hybridization occurs through supramolecular recognition of complementary bases (adenine with thymine and cytosine with guanine) linked to the sugar and phosphate backbones, as illustrated by one example. Reprinted with permission from ref 1598 (Majoral’s group). Copyright 2006 Molecular Diversity Preservation International.



Figure 103. Schematic diagram of the pTTCA/DEN/AuNP/ biomolecules-linked avidin-hydrazine assembly for (A) DNA and (B) protein sensors, which are based on the electrocatalytic activity of hydrazine. Reprinted with permission from ref 1625 (Shim’s group). Copyright 2007 American Chemical Society.



6.9.2. Electrochemical Dendritic ATP Sensors Adenosine triphosphate (ATP), a DNA fragment, is a cell energy source and cellular messenger. It can be recognized by electrostatic binding with a synthetic cationic sensor, for instance, electrochemically using the redox potential fluctuation of ferrocenyl490 or cobaltocenyl526,527 redox systems.



It is the cationic form of the redox system that forms an ion pair with the anionic groups of ATP. If this sensor is linear, however, this interaction is too weak to provoke a significant change of redox potential. On the other hand, ferrocenyl-terminated dendrimers show a positive dendritic effect, i.e., a new ferrocenyl redox wave at a less positive anodic potential is appearing in the cyclic voltammogram upon addition of ATP to a solution of the ferrocenylterminated dendrimer of low or high generation. Thus, ion pairing in the ferrocenyl dendrimers in which the ferrocenyl groups are simply linked to the core by alkyl chains involves dendritic encapsulation of ATP in the dendrimer interior, provoking a much stronger interaction than with linear alkylferrocenes. This also allows titration of the ATP solution (Figure 104).1632 It is possible (although not indispensable) to introduce additional supramolecular interactions that can enhance the ionic interaction between the ATP phosphate groups and the ferricinium moiety. For instance, gold-nanoparticle-cored dendrimers containing silylferrocenyl termini show an increased interaction as indicated by a larger potential difference between the ferrocenyl dendrimer in the presence or absence of ATP.487,1633–1635 This is probably due to the hypervalency of the silicon atom in the silylferricinium form. Thus, although the silicon atom has no oxygen affinity in tetraalkyl silanes, such an interaction can be envisaged in silylferricinium because of the partial positive charge of silicon resulting from silicon hypervalency.487–490,1636–1638 Another kind of additional supramolecular interaction is provided in triazolylferrocenyl-658 or triazolylmethylferrocenyl dendrimers487 formed by click reactions of azidoterminated dendrimer with ethynylferrocene or alkyneterminated dendrimers with azidomethylferrocene, respectively, providing facile electrochemical recognition and titration of ATP. Supramolecular assistance of dihydrogenophosphate recognition by endoreceptors was pioneered by Beer,725,726
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Figure 104. ATP2- sensing and regeneration of the modified electrode for reuse. Reprinted with permission from ref 1632 (Astruc’s group). Copyright 2009 American Chemical Society.



and the first example of dendritic endoreceptors capable of dihydrogenophosphate recognition was disclosed by our group in 1997.1639 At this occasion, a dramatic positive dendritic effect was disclosed using amidoferrocenylterminated dendrimers, i.e., recognition was all the easier with a larger difference of redox potential as the dendrimer generation was higher. The amido group is ideal in provoking a large potential difference because of the synergy between the double hydrogen bonding with the dihydrogenophosphate.1636 Ferrocenylurea termini have also been successfully used by Alonso et al. for hydrogenophoshate sensing,1637 and inorganic molybdenum cluster-cored silylferrocenyl-terminated dendrimers were also used for ATP sensing.1638 An additional advantage of large ferrocenyl dendrimers is that they adsorb on Pt electrodes all the more easily as they are larger, facilitating sensing by dendrimer-derivatized electrodes that allow subsequent ATP washing and reuse of the electrode sensor. This also is an advantage provided by AuNP-cored dendrimers that are very large.487–490 Dihydrogenophosphate anion is a good ATP model, but sensing is slightly easier with dihydrogenophoshate anion than with ATP using ferrocenyl-terminated dendrimers.490,1640 With larger [Fe4Cp4(CO)4]-cluster termini instead of ferrocenyl termini, however, ATP recogniton is easier and is observed with larger redox potential variations of the redox system [Fe4Cp4(CO)4]+/0 than with ferrocenyl (FeIII/II) termini, because the cluster better matches the ATP size than the smaller ferrocenyl group.1641,1642



6.9.3. Electrochemical Dendritic Glucose Sensors Enzyme glucose biosensors for in vitro assays have been developed extensively to monitor the glycemia of diabetic patients, and therefore, glucose oxidase (GOx)-based electrodes are a major application of immobilized enzymes. The reaction involved is the GOx-catalyzed oxidation of β-Dglucose by O2 to D-glucono-1,5-lactone and H2O2.1643 Losada et al. used silylferrocenyl dendrimers as mediators in amperometric biosensors. It was shown that these sensors



respond rapidly to the addition of glucose by steady-state amperometric response of carbon paste electrodes containing these dendritic mediators and glucose oxidase as a function of the glucose concentration and applied potential.1644 Subsequent to this seminal work, the Losada group also developed the electrochemical method with other dendrimers such as PPI-cored polymethylferrocenyl dendrimers deposited onto a platinum electrode, including studies of the influence of the layer thickness and concentrations, quantifying hydrogen peroxide produced by the oxidase catalysis during the enzymatic reaction in direct proportion to the available glucose (amperometric titration: H2O2 f O2 + 2H+ + 2e-). Amperometric enzyme electrodes with horseradish peroxidase and lactate oxidase were also used.1645–1651 The electro-oxidation ability of glucose in alkaline solution was tested using a sensor based on dendritic CuNi alloy.1652 Streptokinase, GOx, and phosphorylcholine were immobilized on polyglycerol dendrimers in order to obtain a blood-compatible bioconjugate possessing glucose-sensing properties. This bioconjugate was entrapped in polyaniline nanotubes through template electrochemical polymerization of aniline. This material was used as a glucose-oxidation mediator and appeared as a good candidate for oxidoreductase-based implantable biosensors.1653 Other glucose-biosensor systems with GOx involve PtNPs on multiwalled carbon nanotubes1654–1656 or layer-by-layer dendrimer-AuNP membranes (Figure 105).1657 Other dendritic hydrogen peroxide amperometric sensors are based on horseradish peroxidase.1658 Nonelectrochemical methods for glucose sensing are based on luminescence. Affinity adsorption solid-substrate phosphorimetry allowed the determination of glucose traces, based on labeling Triticum vulgaris lectin on the surface of PAMAM dendrimers.1659 A flow-through electrochemical immunosensor for monitoring IgG in human serum has been developed using core-shell SiO2/Au nanocomposites and G4-PAMAM dendrimer as matrixes. Ferrocenecarbaldehydelabeled anti-IgG was initially chemisorbed onto the NP
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Figure 105. Schematic fabrication of LbL films comprising PVS and PAMAM-Au. The sequential deposition of LbL multilayers was carried out by immersing the substrates alternately into PVS (a) and PAMAM-Au (b) solutions for 5 min per step. After deposition of 3 bilayers, an ITO-(PVS/ PAMAM-Au)3@CoHCF electrode was prepared by potential cycling (c). The enzyme immobilization to produce ITO-(PVS/PAMAM-Au)3@CoHCFGOx (d) was carried out in a solution containing bovine serum albumin (BSA), glutaraldehyde, and GOx. Reprinted with permission from ref 1657 (Brett’s group). Copyright 2006 Elsevier.



surface, and then GOx was backfilled onto the modified surface. The selectivity, reproducibility, and stability of the immunosensor were acceptable.1660



6.9.4. Functionalized Antibody and Antigen Biosensors The reversible affinity interactions of immunosensing surfaces are based on biospecific association and displacement reactions between functional antigen ligands and antibody molecules. A typical example of antigen/antibody couple is biotin/antibiotin system. Functionalized monolayers provided a platform for biospecific recognition with monoclonal antibiotin immunoglobulin G (IgG) using PAMAM dendrimers functionalized with ferrocenyl and biotinyl groups, with the ferrocenyl termini serving as mediators for the electrochemical track method with GOx.1661 Glycoproteins, especially antibodies, were sensed amperometrically based on the content of galactosyl and N-acetylgalactosamidyl residues in glycoprotein carbohydrate chains. This method does not require antibody labeling or enzyme-tagged secondary antibodies, and total assay time was about 20 min.1662 The antibody IgG were used as dendronic supramolecular structures connected to the antibody IgM that has a pentameric structure of IgG and ten antigen binding sites, which enables tight binding to antigens containing multiple identical epitopes. The antibody dendrimer has an advantage in its amplification of detection signals for antigens, with the characteristics of being composed of proteins with noncovalent bonds and strong specific antigen binding capacity.1663 The use of immunoassays in clinical diagnostics has stimulated the development of sensitive and specific techniques to determine the presence of specific antigen in samples. For instance, noncompetitive fluoroimmunoassay allows the analysis of cortisol based on the blocking of unbound sites of the capture antibody by a PAMAM dendrimer-cortisol conjugate.1664 Dendrimerized cellulose



was used as a scaffold for artificial antigens, which provides a tool for developing clinically testable materials to study adverse immunological responses to drugs in human (Figure 106).1665 DNA dendrimers, conjugated with both antibiotin and up to 350 labeling entities, were adapted to protein microarray and ELISA cytokine detection resulting in up to 3-fold improvement of the detection limits with no significant increase in the inter- and intra-assay coefficient of variation compared to streptavidin horseradish peroxidase detection.1666 Antigen mannolysation has been shown to be an effective approach to enhanced antigen uptake and presentation by APC. Mannose-based antigen delivery system with a PAMAM dendrimer has been used in order to overcome disadvantages associated with conventional methods involving the mannosylation of antigens. Mannosylated dendrimer overalbumin (MDO) was shown to be a potent immune inducer of OVA-specific T cell response in vitro. The immunogenicity of MDO was due to both enhanced antigen presentation and induction of DC maturation.1667 Immunotherapeutic approaches are investigated for treatment of neurodegenerative Alzheimer disease. The identification of a β-amyloid-plaque specific epitope Ab(4-10) (4FRHDSGY10), recognized by therapeutically active antibodies from transgenic Alzheimer dementia could provide the basis for the development of vaccines. Therefore, the design and immuno-analytical properties of antigenic bioconjugates comprising a β-amyloid-plaque specific epitope were reported.1668



6.9.5. Miscellaneous Dendritic Biosensors Recognition according to the supramolecular lock-andkey principle that is the basis of sensor design is intrinsic to natural processes, specifically with enzymatic catalysis, and has been applied to many biomolecules as diagnostic tools. Seminal works by the groups of Lehn,3 Whitesides,1669 and
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Figure 106. Modification of cellulose surfaces to generate dendritic-linked systems for the preparation of solid-surface supported GnBPO conjugates. Reprinted with permission from ref 1665 (Perez-Inestrosa’s group). Copyright 2008 American Chemical Society.



Figure 107. Fluorophore-cored dendrimers for patterns in metalloprotein sensing. Reprinted with permission from ref 1676 (Thayumanavan’s group). Copyright 2009 Royal Society of Chemistry.



Reinhoudt1670 beautifully illustrate this concept. Thus, organizations of biocomposite-sensing materials based on supramolecular interactions were actively searched inter alia by Willner’s group1671 and others.1672,1673 A single weakbinding event is multiplied into an efficient receptor site for protein surfaces because of the subsequent binding events that take advantage of the preorganization in biological processes, but also in biomimetic ones with dendritic artificial receptors.1674 Sophisticated artificial receptors exhibiting nanoscale substrate recognition can be obtained by introducing unsymmetrical patched structures in dendrimers. This strategy has been developed with porphyrin dendrimers; for instance, oligopeptide-patched dendrimers are nanoscale receptors of cytochrome c proteins.1675 Fluorophore-cored dendrimers interact with proteins that quench the fluorescence, a generation-dependent phenomenon that could provide selective protein sensors (Figures 107 and 108).1676 Bile acid dendrons show a remarkable ability to act as normal and inverse micelles owing to the facially amphiphiliic nature of the bile acid backbone. Exploiting Newkome’s concept of dendritic unimolecular micelles,8,128 it has been possible to show the supramolecular function of



Figure 108. (a) Schematic representation of the preparation of an immunosensing layer. (b) Schematic view of electrochemical detection of mouse IgG or PSA. Reprinted with permission from ref 1676 (Yang’s group). Copyright 2009 American Chemical Society.



these gelating bile acid dendrons in biomimetic molecular recognition.1677 An ultrasensitive and simple DNA-free method for protein sensing by electrochemical signal amplification was reported with an IgG layer on an indium oxide electrode using ferrocenyl dendrimers and AuNPs as nanocatalysts. The IgG-AuNp conjugate and the immunosensing layer sandwiched the target protein, and the AuP label generates aminophenol from nitrophenol by catalytic reduction. The kinetics is fast, due to the easy access of the small nitrophenol molecules to the AuNP surface through pinholes of IgG-AuNP conjugate and to the large number of catalytic sites per nanocatalyst label.1678 Glutamate, an important neurotransmitter in the mammalian central nervous system and neuronal pathway in the brain, is related to several neurological disorders such as schizophrenia, Parkinson’s disease, epilepsy, and stroke. Amperometric glutamate have been developed with glutamate oxidase incorporated into modified electrodes using multiwall carbon nanotubes modified with PAMAM dendrimers loaded with PtNPs as an efficient redox mediator.1679,1680 Another neurotransmitter, dopamine, also plays an important role in the functioning of the central nervous system as well as in the cardiovascular, renal, and hormonal systems. The Unified Parkinson’s Disease Rating Scale is currently used to assess
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Figure 109. Schematic representation of the fabrication of PDATT/Den(AuNPs)/laccase-modified electrode. Reprinted with permission from ref 1688 (Shim’s group). Copyright 2008 American Chemical Society.



Parkinson’s disease, although it cannot quantify the extent of disease. Accordingly, the dopamine concentration, which is one of the key factors in determining this disease, needs to be quantified. Compared analytical performances indicated that the electrochemical detection was the method of choice for dopamine determination with PAMAM-OH-dendrimer loaded with RhNPs and immobilized on glassy carbon electrodes.1681 Forster resonance energy transfer involved in optical sensors has also been used for this purpose.1682 Sensing of the carbohydrate-binding proteins lectins, important in cell growth, inflammatory response, and viral infections, was achieved optically using a RuII-tris(bipyridine) cored-dendrimer (cf. section 3.2) terminated with carbohydrate groups (mannose) in order to increase avidity.1683 The Niemeyer group has reported photomasks for surface patterning using the thiol-ene reaction. This allows the control of biotinylated enzyme immobilization on silica surface upon surface fixation by interaction with silica-PAMAM-dendrimer derivatized with streptavidin.1684 Recognition by cell surface integrin receptors was provided by transglutaminase enzyme-cross-linked G2PAMAM dendrimers that mimic collagen withstanding triplehelical conformation.1685 In vitro targeting efficacy to integrin receptors expressing cells was shown with G5-PAMAM Au DENs functionalized with fluorescein isothiocyanate and Arg-Gly-sp (RGD) as template.1686 Amperometric detection of 8-hydroxy-2′-deoxyguanosine was achieved with a low limit of 1.2 × 10-9 M using a Au electrode modified with G3.5- and G4.5-PAMAM-CO2H dendrimers-based thin fims.



This Au electrode was modified by SAMs using aliphatic aminothiols on which the PAMAM-CO2H dendrimers were attached using peptidic bonds.1687 The direct electrochemistry of laccase was promoted by 1.7 nm-sized Au DENs, and this was applied to catechin detection with a lower limit of 0.05 ( 0.003 µM. The quasi-reversible peak of the Cu redox center of laccase was observed at -0.03/0.13 V vs AgCl, and the electron-transfer rate constant was 1.28 s-1 (Figure 109).1688 Poly(dimethylsiloxane) elastomers were surface-modified with both polyethylene oxide and G3-DAB dendrimers, and these dendrimers were used as linkers for surface grafting of cell-adhesion peptides including endothelial cells.1689 Although redox cycling of enzymatically amplified electroactive species has been widely employed for signal amplification in electrochemical biosensors, Au electrodes are generally not suitable for redox cycling using a redox reagent because of the high background current due to the redox reaction of the reagent at highly electrocatalytic Au electrodes. Thus, Au electrodes were modified with a mixedassembly monolayer of mercaptododecanoic acid and mercaptoundecanol and a partially ferrocenyl-tethered dendrimer layer. The SAM of long thiols significantly decreases the background current of the modified Au electrode, and the ferrocenyl modification facilitates easy oxidation of paminophenol and its redox cycling using NAD (NADH) that enables a low detection limit for mouse IgG (1 pg/mL).1690



Dendrimers Designed for Functions



7. Conclusion and Prospects Dendritic macromolecules, pioneered in the 1980s, have been developed in a variety of ways that involve molecular engineering in order to target precise functions and applications. Concerning dendrons and dendrimers, purity aspects must be continuously considered and carefully checked, because consequences on functions and applications can be crucial. The physical and photophysical studies of dendrimers have led to the disclosure of supramolecular properties that are the basis of functional use. These properties, reviewed in the first four sections, have shown the role of the generation number and peripheral groups. In particular, when the generation number increases, the dendrimer becomes globular, the periphery becomes bulkier despite backfolding of the terminal groups, and possibilities of encapsulation and dendrimer-substrate interactions (surface, medium, other dendrimer, etc.) also increase. The nature of the peripheral groups governs the solubility and related biological properties such as biocompatibility and, for instance with PEG, the enhanced penetration and retention (EPR) effect. Although properties of dendrimers may vary from one series to the next, these two properties appear to be more important than the nature of the core that is hidden within the dendritic structure. Most of the studies have been carried out using the PAMAM dendrimers, because they were commercialized very early after their discovery in the 1980s and can be functionalized in a variety of ways.1691 The PAMAM dendrimers are also useful for most applications in catalysis, molecular electronics, photonics, sensing, and nanomedicine. Several other dendrimer families are equally useful, however, such as the polylysine, PPI, polyether, polyamine, melanine, polyaryl, phenylazomethine, phosphorus, peptide, and glycopeptide dendrimer families depending on which property, function, or application is targeted. Biodegradable polyester dendrimers are of prime importance in future biomedical applications. Indeed, encapsulation properties depend on whether the dendrimer frame is rigid or flexible, and in the latter case on the medium (solvent), the nature of which governs tether contraction. Modeling studies are becoming more and more frequent to predict, define, and optimize the dendrimer features and properties. The photophysical applications of dendrimers include light harvesting with the antenna effect to funnel energy from many photosensitive branch termini toward the focal group of the dendron, organic light-emitting diodes (OLEDs, organic field effect transistors (OFETs), and photovoltaic (PV) devices). A crucial point in these photophysical dendrimer devices is that quenching the photoactivity of the core is inhibited by the dendrimer tether framework, which provides a considerable advantage compared to regular polymers. Green phosphorescent dendrimers providing highly efficient OLEDS lead to important applications. The photophysical properties are a powerful source of sensors, as are the redox properties using, for instance, the ferrocenyl groups located at the dendrimer branch termini for anion and glucose sensing. Photochemical, redox, and pH switches are useful for such sensing, with the dendrimer behaving then as a molecular machine considerably changing structure upon application of one of these stimuli. Dendrimer effects, i.e., generation-depending properties, are spectacular in this area. The photophysical field is also intimately connected to the biomedical applications, because fluorescence is essential for diagnostics.
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Catalysis is another important application of dendrimers, because the location of catalytic sites at the dendritic core or periphery offers unique topological aspects, allowing one to mimic the enzyme catalytic site when the catalytic center is buried and protected at the core by the dendrimer frame or to multiply the number of catalytic sites within a small place when the catalyst is located at the periphery. The macromolecular size of these dendritic catalysts also allows easy removal from the medium and recycling using a solid support, membrane nanofiltration, precipitation, or biphasic systems. Various dendritic effects were observed and are precious pieces of mechanistic information to understand and optimize the catalytic constraints. Here again, encapsulation plays a key role, because small catalytically active transitionmetal nanoparticles can be embedded in the dendritic nanoreactor that dictates its specific properties. Another interesting effect is the positive dendritic effect brought about by the polarity gradient in the framework in dendritic organocatalysis. It should be noted that the catalysis by dendrimers is also important for the biomedical applications, because many biosensors involve redox catalysis with electrodes modified with redox-active dendrimers. The role of dendrimer in biomedical applications, i.e., nanomedicine, is bursting. Again, the supramolecular properties of dendrimers govern the functions. They are involved in drug encapsulation and solubilization in so-called supramolecular “complexes” for vectorization, although “conjugates” resulting from covalent dendrimer-drug binding are often preferred for efficient delivery. They are also governing dendrimer-DNA interaction for gene transfection using ionic bonding between the ammonium groups of the dendrimer termini and the anionic phosphate DNA groups. They are essential in the crucial role of PEG chain termini of dendrimers for the biocompatibility, biodistristribution, and EPR effect of these groups. They can also be found in the antibacterial “cluster effect” of glycopeptide dendrimers and in the overexpression of folate, glycosides, and specific peptide receptors by tumor cells. These supramolecular properties of dendrimers are thus involved in both great domains of dendrimers applications in nanomedicine: diagnostic (with fluorescence) and therapy (with vectorization), with targeting functions being needed in both area in which the benefits of dendrimers include the multiplication of active terminal groups in a minimal space. The precise molecular definition of dendrimers including the choice of generation number and terminal groups and the possibility to introduce two or more functional group types at the periphery are enormous advantages of dendrimers over polymers. This is the reason why dendrimers represent a true hope to largely improve diagnostic and therapeutic facilities for major human diseases. Toxicity remains a crucial issue, however, that needs be examined. In this review, we have delineated the toxicity issues in many instances, but broad investigations are continuously required in order to bring dendrimers to human drugs. The advent on the market of Vivagel (Starpharma), a poly(L-lysyne) dendrimer-based microbiocide against HIV and herpes infections, represents a first success that will undoubtedly be followed by others. Last but not least, the importance of synthesis in dendrimer chemistry should be emphasized, because molecular engineering requires more and more sophisticated design and synthetic skill. This aspect has not been treated here, but an unvaluable comprehensive review covering it (as numerous
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other earlier reviews mentioned in the Introduction) is being published by Newkome in Chemical ReViews in 2010. To conclude, if in chemistry the XVIIIth century was that of atoms, the XIXth century was that of compounds, and the XXth century was that of reactions, the XXIth century already is and will be that of nanoscience engineering, and dendrimers are, therefore, a major family of tools in the tool box.
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