
Two decades of dendrimers as versatile MRI agents: a tale with 
and without metals

Michael T. McMahon1,2,* and Jeff W. M. Bulte1,2,3,4,5,6,*

1The Russell H. Morgan Department of Radiology and Radiological Science, Division of MR 
Research, The Johns Hopkins University School of Medicine, Baltimore, MD, USA

2F. M. Kirby Research Center for Functional Brain Imaging, Kennedy Krieger Institute, Baltimore, 
MD, USA

3Cellular Imaging Section and Vascular Biology Program, Institute for Cell Engineering, The 
Johns Hopkins University School of Medicine, Baltimore, MD, USA

4Department of Biomedical Engineering, The Johns Hopkins University School of Medicine, 
Baltimore, MD, USA

5Department of Oncology, The Johns Hopkins University School of Medicine, Baltimore, MD, USA

6Department of Chemical & Biomolecular Engineering, The Johns Hopkins University Whiting 
School of Engineering, Baltimore, MD, USA

Abstract

Dendrimers or dendritic polymers are a class of compounds with great potential for nanomedical 

use. Some of their properties, including their rigidity, low poly-dispersity and the ease with which 

their surfaces can be modified make them particularly well suited for use as MRI diagnostic or 

theranostic agents. For the past 20 years, researchers have recognized this potential and refined 

dendrimer formulations to optimize these nanocarriers for a host of MRI applications, including 

blood pool imaging agents, lymph node imaging agents, tumor-targeted theranostic agents and cell 

tracking agents. This review summarizes the various types of dendrimers according to the type of 

MR contrast they can provide. This includes the metallic T1, T2 and paraCEST imaging agents, 

and the non-metallic diaCEST and fluorinated (19F) heteronuclear imaging agents.

THE DAWN OF DENDRIMERS

Dendrimers or dendritic polymers are one of the major classes of polymers. Unlike the first 

three major classes of polymers: linear, cross-linked and branched, dendrimers are polymer 

molecules which are synthesized with a central core and monomers which branch out 

radially from this core in a way that resembles a tree, hence their name (tree = δε̄νδoν or 

dendron in Greek). They are sometimes also referred to as arborols (tree = arbor in Latin). 
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The organic syntheses which led to dendrimers with their spherical architecture and easily 

functionalized surface were first conducted over 30 years ago,1–3 with key early 

contributions to the field from the groups of Vogtle,1 Denkewalter,3 Tomalia,2 and 

Newkome.4 Dendrimers are synthesized in steps, so that the resulting structures generated 

have a relatively narrow polydispersity. Because the methods are similar to solid-phase 

peptide or oligonucleotide synthesis, it is readily possible to produce quantities appropriate 

for commercial use. This narrow polydispersity is also an important characteristic for 

pharmaceutical development, as it is desirable for manufactured drugs to be composed of a 

single, defined species whose identity and stability can be specified using techniques that are 

validated.5 A number of different types of monomers are important building blocks for 

dendrimers including polyaminoamine (PAMAM), poly-L-lysine (PLL), 2,2-bis-

methylolpropionic acid (bis-MPA), phenoxymethyl (methylhydrazone) (PMMH) and 

polypropylimine [PPI, also known as diaminobutane (DAB)]. At this time, there are five 

main types of dendrimers which are commercially available: Tomalia-type PAMAM 

dendrimers, Denkewalter-type PLL dendrimers, Hult-type bis-MPA dendrimers, Majoral/

Caminade-type phosphorous dendrimers and Vogtle/Meijer/ Multhaupe-type PPI dendrimers 

(Figure 1). Because of their special properties and features, dendrimers have been of great 

interest to the field of nanomedicine.

Based on sensitivity considerations, there has been a longstanding interest in the 

development of macromolecular Magnetic Resonance (MR) imaging agents as multiple 

contrast-providing entities can be coupled to a single macromolecule to enhance the 

sensitivity of detection.6 One of the challenges for early polymeric Magnetic Resonance 

Imaging (MRI) agents based on albumin, poly-lysine (PL) and dextran macromolecules was 

that the relaxivities were not large. However, as Wiener et al. showed in the 1990s, Tomalia-

type Starburst PAMAM dendrimers can be prepared as high sensitivity MR contrast agents.7 

This was followed by Weinmann and coworkers who showed that the Denkewalter-type PL-

based dendrimers could be prepared as high sensitivity agents as well.8,9 The general 

structures of these two dendrimer ‘molecular’ scaffolds first utilized as MRI agents are 

shown in Figure 1. One of the key observations made is that the relaxivities using albumin, 

PL and dextran were relatively low due to their floppiness. Dendrimers, however, which 

form a more rigid structure, displayed high relaxivity when paramagnetic ions were 

attached.7 These initial studies spurred a number of others, as dendrimers have unique 

properties as MRI agents because of their adaptable nature, ease of conjugation to a wide 

variety of diagnostic agents, tunable pharmacokinetic profile, enhanced relaxivities when 

gadolinium is conjugated and potential for targeting. As a result, this platform has become 

increasingly popular, with a wide range of dendrimer scaffolds rendered MR-visible through 

a variety of contrast mechanisms.

Dendrimers can be prepared using a number of different core topologies (Figure 2). Due to 

the diversity of cores and monomers from which the dendrimer can be assembled, a number 

of different synthetic strategies have been developed. Reiterative synthesis is used in the 

assembly, with each addition of monomer layers creating a new generation (G). For each 

new generation, the number of terminal groups doubles from 8 terminal groups for G = 1 to 

64 for G = 4 Starburst PAMAM dendrimer. Dendrimers are prepared using iterative 

synthesis strategies which are either convergent or divergent. The divergent strategy involves 
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reactions at the periphery of the dendrimer for each step, which results in exponential-like 

growth with increasing polydispersity for each step. For the convergent route, ‘dendrons’ 

(dendrimer branches attached to the core) are prepared separately, and then attached to the 

final core. This synthetic route enables the preparation of ‘Janus’ dendrimers, i.e., 

dendrimers with two or more terminal groups that face a different direction on the surface 

(Figure 2). These dendrimers are named after the Roman god Janus, which is usually 

depicted as having two faces, with one looking to the future and one to the past. Amphiphilic 

Janus dendrimers with hydrophilic and hydrophobic surfaces can self-assemble into larger 

dendrisomes (Figure 2). Of the different types of commercially available dendrimers, the 

Starburst PAMAM dendrimers are most commonly used. Aside from a simple purchase, 

their advantages include the availability of a range of generations (G1 to G9) and a range of 

different terminal groups (such as amino, carboxylate, amidoethanol, 

amidoethylethanolamine, and succinamic acid) on the surface. An important feature for 

imaging is the large increase in density of surface groups as the generation of the dendrimer 

increases. This allows high generation dendrimers to become more spherical and provide a 

very high concentration of MR agents or targeting moieties on the surface.10 The terminal 

group charge impacts the route of intracellular transport,11,12 cytotoxicity,13–17 and the 

solubility of the dendrimer. All of these are design considerations for optimizing the 

interactions between the dendrimer and its microenvironment within the tissue to be imaged 

with MRI. Since their inception some 30–40 years ago, dendrimers have now seen a plethora 

of MRI applications over the last two decades (Figure 3).

PARAMAGNETIC GADOLINIUM DENDRIMERS

Since gadolinium has seven unpaired electrons, it is a paramagnetic agent with one of the 

highest relaxivities, depending on NMR frequency (field strength).18 Wiener et al. were the 

first to describe the use of a PAMAM dendrimer as a nanocarrier for gadolinium as MR 

contrast agent.7 Due to the increase in the rotational correlation time of the large dendrimer 

molecules, the relaxivity per Gd(III) ion of the dendrimer compared to that of a single 

Gd(III) chelate was enhanced up to sixfold. These factors are more than twice those 

observed for analogous metal-chelate conjugates formed with serum albumins, PL, or 

dextran. Due to their prolonged half-life (up to 200 min), the dendrimer-based agents 

provided excellent contrast on 3D time-of-flight MR angiograms (Figure 4).

Higher generation (G = 5, G = 7, G = 9, and G = 10) PAMAM dendrimers have been 

conjugated with the bifunctional chelate 2-(4-isothiocyanatobenzyl)-1,4,7,10-

tetraazacyclododecane-N,N8,N″,N‴-tetraacetate (p-SCN-Bz-DOTA).19 DOTA (1,4,7,10-

tetraazacy-clododecane-1,4,7,10-tetraacetic acid) is a macrocycle with better stability 

kinetics than DTPA. These high generation dendrimers were initially developed as a contrast 

platform for targeted molecular imaging, given their anticipated high relaxivities. At 20 

MHz, T1 relaxivity increased from 30 mM−1 s−1 for G = 5 to 35 mM−1 s−1 for G = 7 

dendrimers, reaching a plateau at 36 mM−1 s−1 for G = 9 and G = 10 dendrimers. Although 

the ion relaxivity thus did not increase and was minimally dependent on frequency, given 

their higher number of Gd-DOTA groups, the total molecular relaxivities increased from 

2880 mM−1 s−1 to 66,960 mM−1 s−1 for the G = 5 and G = 10 dendrimer, respectively.10,19
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The first targeted Gd-dendrimers that were used contained folate for selective imaging of 

high affinity folate receptor (hFR)-overexpressing tumor cells.20 Treatment of tumor cells 

that expressed the hFR with gadolinium complexes of the folate-conjugated polymeric 

chelate increases the longitudinal relaxation rate by 110%. This increase was inhibited by an 

excess of free folic acid, demonstrating specificity. Using a 153Gd isotope in lieu of the 

nonradioactive, conventional 157Gd isotope, tumor uptake and tissue biodistribution was 

quantified for hFR-positive and -negative ovarian tumor xenografts.21 The hFR-positive 

tumors accumulated 3.6 ± 2.8% of the injected dose/g tissue, whereas the counts in hFR-

negative tumors were near background level. A different tumor targeting approach was the 

use of activatable cell-penetrating peptides (ACPPD). Twenty-four hours after injection of 

Gd-dendrimer-ACPPD in mice, orthotopic breast cancer cells enhanced 57% compared to 

25% for a single Gd-chelate.22 In another study, Arg-Gly-Asp-Phe-Lys(mpa)) (RGD) 

peptides have been used as targeting moieties combined with a multimodal gadolinium 

dendrimer contrast agent, entrapped with gold nanoparticles. This agent was able to 

visualize alpha V beta 3-integrin-overexpressing tumor cells on both Computed Tomography 

(CT) and MRI.23 Another study employed a cyclic peptide which specifically binds to 

fibrin-fibronectin to enhance tumor uptake.24 However, specific targeting of such dual-mode 

dendrimers may not be a prerequisite, as nontargeted gadolinium/ gold dendrimers have 

been showed to accumulate selectively in tumor cells in vivo as well,25 presumably through 

an enhanced permeability retention effect seen in other instances.26 An interesting feature of 

targeted gadolinium dendrimers is that they can be used as therapeutic agents based on 

neutron capture therapy (NCT). In this case, the targeted dendrimers are irradiated with an 

external neutron beam. The dendrimer-bound gadolinium then generates Auger electrons 

which are highly cytotoxic to tumor cells. This concept, which requires a high accumulation 

of gadolinium in target tissue, has been tested on SHIN3 ovarian carcinomas.27 Selective 

filtration and retention by the lymphatic system has been exploited to enhance lymph ducts 

and lymph nodes on MRI following injection of gadolinium dendrimers.28–31 Additional 

examples of specific targeting of gadolinium dendrimers to tumor cells include their 

conjugation to anti-tumor-specific antibodies.32,33 Further applications using targeted 

dendrimers are rapidly expanding, based on the proven success of this strategy.

The synthesis of Gd-dendrimers and their analogs has recently been further optimized and 

refined. These include Gadomer-17 which is based on a PLL-dendrimer scaffold,8,34,35 

glycodendrimers,36 and self-assembled dendritic-like nanoparticles.37 The latter is an 

example of supramolecular engineering which may allow disassembly of the construct, 

facilitating the incorporation of other agents for multimodal imaging and conjugation of 

targeting moieties. One of the challenges in preparing dendrimers is the number of 

impurities from under-reacted intermediates which can ultimately hamper their approval. 

This is a general problem for macromolecular agents, and has led some groups to develop 

alternative gadolinium chelates such as Ablavar (gadofosveset) which binds to human serum 

albumin resulting in an increase in blood half-life and rotational correlation time. This agent 

possesses the purity attainable for small molecule MRI contrast agents while exhibiting 

relaxivities attainable by the macromolecular agents, facilitating regulatory approval.38 

Because of these challenges, the preparation of the contrast agent Gadomer-17 was a very 

impressive display of process chemistry in that Bayer-Schering AG was able to produce high 
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purity dendrimer agents on a multi-kiloscale which allowed this product to be administered 

to patients.9,39 A few studies have explored the development of Gd-dendrimers as agents for 

sensing the microenvironment as well, so called ‘smart’ or ‘responsive’ agents. One example 

is the use of Ca2+-sensing Gd-PAMAM dendrimers, that were successfully used to report on 

local calcium fluctuations in rat cerebral cortex.40 All these examples demonstrate the 

versatility of dendritic structures for their use in MRI.

PARAMAGNETIC MANGANESE DENDRIMERS

Manganese (Mn II) exhibits anomalous relaxation behavior, and at higher fields can exhibit 

relaxivities that are higher than gadolinium.18 A manganese-chelating hexameric dendrimer 

containing six tyrosine-derived [Mn(EDTA)(H2 O)](2−) moieties exhibited relaxivities 

ranging from 8.2 to 3.8 mM−1 s−1 from 0.47 to 11.7 T, sixfold higher on a per molecule 

basis compared to a single moiety.41 As a vascular agent, blood clearance was fast and 

elimination occurred through both the renal and hepatobiliary routes.

To construct a targeted manganese-dendrimer, a large G = 8 dendrimer was conjugated to an 

antibody specific for malondialdehyde (MDA)-lysine epitopes. This target is one of the 

oxidation-specific epitopes (OSE) that is expressed in atherosclerotic plaques. An 

enhancement >60% could be observed compared to the untargeted counterpart.42 Other 

modalities beyond MRI have been further studied. As an example, a dual-mode agent for 

combined CT/MRI was described based on hyaluronic acid-modified, multifunctional 

nanoparticles.43 To this end, G = 5 Mn-dendrimers were first complexed to fluorescein 

isothiocyanate and hyaluronic acid. Gold nanoparticles were then entrapped within the 

above raw product, and the CD44 receptor-mediated endocytosis pathway was exploited to 

image targeted hepatocellular carcinoma cells in mice.

PARAMAGNETIC DYSPROSIUM DENDRIMERS

The above-described dendrimers were developed as T1 agents to provide positive contrast. A 

different approach is to develop dendrimers as T2 agents to provide negative contrast. 

Among the T2 agents in general, superparamagnetic iron oxide (SPIO) nanoparticles (see 

Superparamagnetic Dendrimers section) and the lanthanide dysprosium have been most 

widely used. Dy(III) (G = 5) dendrimers were explored for their relaxation properties at 

various magnetic fields.44 As expected, the T1 relaxivities were very low, between 0.1 and 

0.2 mM−1 s−1. No major differences were found between the Dy-dendrimer and Dy-DOTA 

and Dy-DTPA single chelates. At lower fields (0.05–0.1 T), the 1/T2 was identical to 1/T1. 

Surprisingly, at higher fields, the 1/T2 increased quadratically with field strength, with a 

strong dependence on temperature (Figure 5). The field-dependent component of 1/T2 was 

up to three times higher for the Dy-DOTA-based dendrimer compared with the single 

chelate molecules. The results are well-explained by the inner sphere theory of susceptibility 

effects, also known as Curie spin relaxation. The large temperature dependence that was 

observed was indicative that the dominant mechanism of relaxation is the contact interaction 

effect, with the proton residence time or τm as the primary time constant. It was then 

suggested44 that exploiting this relaxation mechanism enabled the creation of high-relaxivity 

selective T2 contrast agents (i.e., high R2/R1 ratios) which could be further improved using 
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certain nonionic structural chelates such as bis(methyl)amide(BMA)-DTPA complexes 

which are associated with unusually long τm values. Indeed, subsequent studies proved this 

to be feasible.44 Further work using single Dy(III) chelates with and without binding to a 

macromolecule (albumin) demonstrated that a longer rotational correlation time further 

enhances T2 relaxivity,45 similar to the enhancements observed for the macromolecular 

dendrimers themselves. Recently, after a lag of some 15+ years, there has been renewed 

interest in developing high relaxivity T2 agents using dendrimerization of Dy(III) chelates 

while manipulating the water exchange rate.46

SUPERPARAMAGNETIC DENDRIMERS

The first use of SPIO nanoparticles complexed to dendrimers was described in 2001.47 

These magneto-dendrimers proved to be negative contrast agents with extremely high R2/R1 

ratios. Here, the dendrimers were used as a stabilizer and coating agent for the SPIO cores 

grown from ferrous ions in solution in the presence of dendrimers48 (Figure 6). This 

synthetic process is different from conventional SPIO synthesis for producing MR contrast 

agents, where the dextran acts as a nanoparticle coating agent and stabilizer instead of the 

dendrimer.49 The use of magnetodendrimers has found major applications in MRI cell 

tracking,50–53 and laid the groundwork for the subsequent use of (commercial) transfection 

agents or other polycation coatings54,55 that quickly succeeded the use of 

magnetodendrimers as cell labeling agents due their cumbersome and time-consuming 

synthesis. Using commercial SPIO preparations, this method of (poly)cationic complexing is 

still the standard cell labeling practice in use today. Magnetodendrimers can also be 

prepared as targeted agents, i.e., using folate again but then combined with Au to become 

dual CT/MRI-targeted tumor agents.56

CEST DENDRIMERS

Chemical exchange saturation transfer (CEST) is an MR contrast mechanism that holds 

great promise.57–64 CEST allows amplified detection of low concentration molecules by 

applying selective saturation pulses on resonance with the exchangeable protons present in 

these molecules. If these protons possess suitable exchange rates, a large amplification of 

their concentration can be transferred to water in the form of water signal loss, allowing 

molar changes in water signal from micromolar to millimolar concentrations of 

exchangeable protons and production of high contrast images. In addition, the capabilities of 

CEST imaging have been extended from water imaging to hyperpolarized xenon imaging, 

through development of suitable cage structures which allow detection of the cages through 

saturation transfer from the inside to the outside of the cages with the hyperpolarization and 

exchange allowing high sensitivity detection of these cages.65,66 For both water-and xenon-

based CEST, the usage of selective pulses prior to the imaging sequence for ‘switching on’ 

the contrast results in very different features from other MRI agents. For example, CEST 

agents can be designed with exchangeable protons resonating at a number of different 

frequencies, allowing the production of what has been called multicolor67,68 or multi-

frequency spectral69,70 MR contrast. This feature makes CEST agents analogous to the use 

of frequency-specific multicolor optical imaging agents. In addition, chemical exchange is 

very dependent on the environment, and as a result a number of environmental sensors have 
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been developed for detecting changes in pH, ion concentration, enzyme concentration and 

metabolite concentration.71–80 CEST agents can be divided into two classes, diamagnetic 

CEST (diaCEST) agents and paramagnetic CEST (paraCEST) agents, based on the magnetic 

properties of these agents. Both classes of CEST agents have been combined with 

dendrimers as MRI agents.

Diamagnetic CEST (diaCEST) Dendrimers

Why is there an interest in developing diaCEST dendrimers? Gadolinium-based contrast 

agents (GBCAs) have been the most widely used tracers for MRI with GBCA administered 

to approximately one-quarter of all patients undergoing MRI scans, or over 100 million 

patients over the past 25 years.81,82 Hence, many initial MRI studies have used gadolinium-

containing dendrimers. While the clinical small molecule GBCAs were designed to be 

nearly completely excreted in urine after i.v. injection, it was found that there is a 

relationship between patients with impaired kidney function who were administered GBCA 

and the occurrence of nephrogenic systemic fibrosis.83–86 In addition, there is now clear 

evidence of accumulation of gadolinium in the brain (dentate nucleus and globus pallidus) 

and bones of patients despite a normal renal function.82,87–90 These findings have stimulated 

interest in alternative MRI agents which do not employ gadolinium or other lanthanides. 

One clear alternative is the use of nonmetallic diaCEST agents, with the first patient studies 

now being performed with two diaCEST agents: glucose and iopamidol.91–93 Because of 

limitations in the sensitivity of detection for diaCEST agents, there has been a longstanding 

interest in preparing nanocarrier CEST agents,71,94–96 with dendrimers being an attractive 

candidate for this purpose.

PAMAM dendrimers which possess many primary amines were the first diamagnetic 

dendrimers shown to be detectable with CEST MRI.97 A detailed investigation of the CEST 

properties of PAMAM dendrimers has been performed, and it was found that the proton 

exchange rate (kex) for amine-capped PAMAM dendrimers was too slow (kex = 30–300 s−1 

for pH 6–7.3) and the chemical shift difference with water (Δω) too small for obtaining 

sufficient contrast at neutral pH values.98 Since then, a large number of diamagnetic 

compounds have been identified which create CEST contrast based on their labile protons, 

including glucose,99,100 L-arginine,101 creatine,102–104 glutamate,105–107 iopamidol,108,109 

barbituric acid,95 imidazole derivatives,110 thymidine derivatives111, and others. With the 

goal of identifying compounds which produce the strongest CEST contrast using a 3T 

clinical scanner, it was determined that salicylic acid (SA) derivatives possess labile OH 

protons with large chemical shifts from water (≥6 ppm) and exchange rates well-suited for 

detection.112 Similarly, anthranilic acid derivatives have been identified.113 Experimental 

and density functional theory investigations were performed to identify which factors play a 

role in obtaining a large Δω and optimal kex.
114,115 Using this approach, a salicylic acid 

methyl ester (SAME) was developed and conjugated to PAMAM dendrimers.116 After 

infusion into mice bearing brain tumors, the CEST contrast induced by these SA dendrimers 

persisted for ~90 min (Figure 7). SA dendrimer agents have potential for a variety of 

applications, including their use as theranostic agents.
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Paramagnetic CEST (paraCEST) Dendrimers

One of the disadvantages of diaCEST agents is the relatively small range of Δω found in 

diamagnetic compounds. This limitation in Δω impacts their detectability, as the exchange 

rate must fall within the slow to intermediate exchange regime for saturation transfer to 

occur so that kex ≤ Δω. Larger kex values result in larger CEST amplification factors, as fast 

exchange increases the number of exchange events that occur during the saturation pulse 

train. One strategy to increase Δω is to incorporate a paramagnetic metal ion (shift agent) 

into the agent, which alters the frequencies of the labile protons with as result an increased 

separation from bulk water.117,118 For these paraCEST agents, the relationship between 

proton frequencies and CEST contrast is complicated due to the occurrence of line 

broadening from electron spin relaxation rates, so that the metal ions and coordination 

geometries must be properly selected.119,120 ParaCEST agents can be further divided into 

two categories with different types of exchangeable protons: water-based paraCEST agents, 

where water is weakly bound to a metal ion with these water protons paramagnetically 

shifted from bulk water and proton-based paraCEST agents, where exchanging amide, amine 

or hydroxyl protons near the metal ion exhibit a paramagnetic shift. As water is bound along 

the axis of symmetry for many complexes, the magnitude of the paramagnetic shift is 

typically much larger (50–600 ppm) than for proton-based agents (3–80 ppm).121 There are 

a number of metal ion complexes in both categories which have been developed for this 

purpose, with the majority of these employing lanthanides (Ln) because of their favorable 

electronic relaxation properties and the detailed knowledge that exists on the water exchange 

in Ln complexes.58,121,122 A large percentage of paraCEST Ln complexes employ amide 

derivatives of DOTA as ligand because of the large stability constant of the DOTA-chelated 

lanthanides and the large paramagnetic shifts that can produced at high field, up Δω = 600 

ppm121 For comparison, a maximum value of only ~12 ppm can be achieved for dia-CEST 

agents.114 Metal ion complexes have also been prepared with the transition metals iron, 

nickel, and cobalt chelated with macrocycles containing heterocyclic amine donor groups 

that display excellent CEST contrast at Δω up to 135 ppm.123

ParaCEST agents, similar to diaCEST agents, have sensitivity limitations and as a result 

these agents have been incorporated to nanocarriers to improve their detectability.96,124,125 

The first dendrimer paraCEST agents were prepared through coupling Yb3+-DOTAM 

complexes to a poly(propylene imine) dendrimer, with the resulting nanocarrier displaying a 

pH-sensitive CEST contrast at Δω = −15 ppm.126 Eu3+-DOTA-Gly has also been coupled to 

PAMAM dendrimers with Δω = −55 ppm, and accumulation of this agent in MCF-7 

mammary carcinoma in mice could be demonstrated in vivo after i.v. injection.127 In this 

study, the accumulation of a G = 2 and a G = 5 dendrimer was compared, with the larger 

dendrimer displaying less accumulation and a slower uptake in the tumor tissue. A second 

study was performed by the same group using a dual fluorescent/paraCEST PAMAM 

dendrimer for monitoring brain tumor uptake.128 Eu3+-DOTA-Gly and Dylight 680 were 

conjugated to G5-PAMAM dendrimers and administered i.v. to mice bearing U87 gliomas. 

CEST contrast could again be demonstrated, which was primarily confined to the rim of the 

brain tumor. Similar to diaCEST dendrimers, paraCEST dendrimer agents have potential for 

a variety of diagnostic applications, with or without the use of co-conjugated therapeutic 

agents.
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FLUORINATED DENDRIMERS
19F is an MRI detectable spin ½ nucleus which is 100% naturally abundant with the highest 

gyromagnetic ratio (94% of 1H) of all heteronuclei.129 19F imaging agents are now entering 

the clinic130,131 because of their advantage of absolute quantification by direct detection,132 

compared to indirect detection of the proton-based contrast agents. Since there is no 

background signal in biological tissue, one can perform ‘hot spot’ imaging.133 Due to the 

lack of contrast, fluorinated agents should be referred to as MRI ‘tracers’ (analogous to the 

term radioactive ‘tracers’ in nuclear medicine) instead of contrast agents. The design of 

proper 19F imaging agents is therefore much more simple and straightforward than that of 

CEST or other proton-based contrast agents: to create a nanocarrier with a very large 

number of 19F atoms that are chemically equivalent to maximize their detection. Since a 

limitation of hot spot 19F MRI is its low sensitivity, dendrimers have been naturally explored 

as a high payload carrier.

19F-doped dendrimers have been prepared since the late 1990s for extractions and for 

catalysis.134,135 The first polymeric fluorine agents specifically designed for MRI detection 

were small Janus dendrimers, which produced a single 19F NMR line.136 Later on, much 

larger fluorodendrimers were prepared using convergent synthesis methods, with larger 

number of near completely chemically equivalent fluorine atoms per dendrimer, and 

polydispersity indexes that are much lower than G = 2 PAMAM dendrimers.137,138 While 

current in vivo studies using fluorodendrimers are limited,139 these hot spot MRI agents 

should be particularly useful for applications that strongly benefit from molecular 

quantification. Recent refinements of synthetic procedures include pseudosymmetrical 

fluorine positioning,140 self-sorting and co-assembly of fluorinated Janus dendrimers into 

dendrimersomes.141 A fluorinated dendron-cyanine dye-conjugated dual-mode agent for 

combined optical near-infrared imaging and 19F MRI has also been described, that combines 

the high sensitivity of optical imaging with that of 19F MRI for quantification.142

OPPORTUNITIES AND LIMITATIONS

Aside from the presence of paramagnetic and lanthanide metals, which is not an issue for the 

use of dia-CEST dendrimers, future regulatory approval for clinical use of (high-generation) 

dendrimers will also depend on the eventual fate of the dendrimer scaffold itself. While 

these organic compounds in theory are expected to break down into parts that can be 

metabolized, little is known about their overall biodegradation or excretion once retained in 

the body for prolonged times. Low- to medium-generation dendrimers (G < 6) are largely 

excreted by the kidney after i.v. injection. However, in addition to size, the surface zeta 

potential may also become a contributing factor. Cationic 125I-labeled PAMAM dendrimers 

(G = 3 and 4) are cleared rapidly from the circulation (<2% of the recovered dose is present 

in blood after 1 h), while anionic PAMAM dendrimers (G = 2.5, 3.5, and 5.5) showed longer 

circulation times (~20–40% of the recovered dose present in blood after 1 h), demonstrating 

generation-dependent clearance rates.143 In addition to this, polycationic dendrimers can 

display considerable toxicity.17 Furthermore, the clearance rate also depends on core 

composition. PPI dendrimers agents clear more rapidly from the body than PAMAM 

dendrimers for the same number of branches144 and bis-MPA dendrimers will degrade 
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readily due to ester hydrolysis.145,146 Therefore, it seems plausible that PAMAM-G2, PPI-

G3, PPI-G2, bis-MPA-G2, and bis-MPA-G3 dendrimers, given their relatively rapid 

excretion, are most likely to be used further for clinical translation, with a compromise in 

terms of target sensitivity compared to higher generation dendrimers.

CONCLUSIONS

Over the last two decades, we have witnessed an explosion of studies employing dendrimers 

as MRI agents, with over 400 papers published (Figure 8(a)). These papers now receive no 

less than 2800 citations a year (Figure 8(b)), which shows the overall impact of this work. 

Virtually any material that can provide MR contrast has been incorporated into dendrimers 

and evaluated. All of these studies have been proof-of-principle, with only Gadomer-17 

having been tested in man.147 Detailed toxicity studies have been lacking, and thorough 

side-by-side biodistribution studies have been few. Nevertheless, multiple studies have 

demonstrated the intrinsic high payload capability of dendrimers as nanocarriers for imaging 

agents, which, for MRI, is a necessary component for imaging beyond the vessel wall.
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FIGURE 1. 
Building blocks that have been used for production of commercially available dendrimers. 

These include poly-L-lysine (PLL), polyaminoamine (PAMAM), polypropylimine [PPI, also 

known as diaminobutane (DAB)], 2,2-bis-methylolpropionic acid (bis-MPA), and 

phenoxymethyl(methylhydrazone) (PMMH).
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FIGURE 2. 
Available topologies for synthesizing dendrimers. Shown are representative core and 

building block topologies (top row), the topology for Generations 1–4 for one core and one 

building block as present in polyaminoamine (PAMAM) and poly-L-lysine (PLL) 

dendrimers (middle row), and a topology for a dendron, a generalized Janus dendrimer with 

two dendrons presenting different terminal groups which are grafted to a single core, a Janus 

dendrimer suitable for self-assembly into MR dendrisomes, and an MR dendrisome (bottom 

row).
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FIGURE 3. 
Chronological representation of milestone publications on dendrimer development and their 

(green) use as MRI agents (red).
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FIGURE 4. 
The first dendrimer platform used as MR contrast agent. (a) General structure of PAMAM-

Gd-DOTA dendrimers showing a G = 3PAMAM dendrimer and Gd-DOTA with linker. (b) 

The first image acquired with PAMAM Gd-DOTA dendrimers as MR contrast agent. A Gd-

DOTA-conjugated G = 6 PAMAM dendrimer, having a half-life of approximately 200 min, 

was injected in the left rat at 0.005 mmol Gd kg−1. A clear vascular enhancement can be 

seen compared with the uninjected rat on the right. (Reprinted with permission from Ref 7 

Copyright 1994 John Wiley & Sons, Inc.)
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FIGURE 5. 
Variable field relaxometry of a Dy-DOTA-conjugated G = 5 PAMAM dendrimer and single 

Dy(III) chelates. Shown are the T2 relaxivities of (a) Dy-DOTA-PAMAM G = 5 dendrimers, 

(b) Dy-DOTA single chelates, and (c) Dy-DTPA single chelates as a function of magnetic 

field strength. Data are shown at 3 (▲), 10 (▼), 20 (●), and 37°C (+). Solid lines represent 

quadratic fits to the equation 1/T2 = a + bB0,2 with B0 being the external magnetic field 

strength. For comparison, the T1 relaxivities are negligible, shown as dashed lines at 3 (■) 

and 37 C (·). (Reprinted with permission form Ref 44 Copyright 1998 Wolters Kluwer 

Health)

McMahon and Bulte Page 23

Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 2018 June 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 6. 
Structure of magnetodendrimers. Shown is a schematic representation of the stabilization of 

maghemite nanoparticles by G = 4.5 carboxyl-terminated PAMAM dendrimers. (Reprinted 

with permission from Ref 48 Copyright 2001 American Chemical Society)
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FIGURE 7. 
(a) General structure of PAMAM-SA-Ac dendrimers showing a G = 3PAMAM dendrimer, 

salicylic acid (SA) with linker, and acetyl termination. (B–E) In vivo images of salicylic acid 

methyl ester (SAME) G = 5 PAMAM dendrimer conjugates infused into a mouse carrying a 

glioblastoma xenograft. Shown are (b) T2w (arrow highlights tumor) and CEST MR images 

obtained (c) pre- and (d) 30 and (e) 60 min postinjection of a 500 μM solution of diaCEST 

dendrimer. (Reprinted with permission from Ref 116 Copyright 2016 American Chemical 

Society)
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FIGURE 8. 
Two decades of (a) publications and (b) citations on dendrimer MRI agents (Source: ISI 

Web of Science).
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