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Abstract  
 

The search for new biomedical applications of dendrimers has 

promoted the synthesis of new radical-based molecules. 

Specifically, obtaining radical dendrimers has opened the door 

to their use in various fields such as magnetic resonance 

imaging, as anti-tumor or antioxidant agents, or the possibility of 

developing new types of devices based on the paramagnetic 

properties of organic radicals. Herein, we present a mini review 

of radical dendrimers based on polyphosphorhydrazone, a new 

type of macromolecule with which, thanks to their versatility, 

new metal-free contrast agents are being obtained, among other 

possible applications. 
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Introduction  
 

The search for new biomedical applications of dendrimers has 

promoted the synthesis of new radical-based molecules. 

Specifically, obtaining radical dendrimers (dendrimers 

functionalized with organic radicals) has opened the door to 

their use in various fields such as magnetic resonance imaging 
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(MRI), as anti-tumor or antioxidant agents, or the possibility of 

developing new types of devices based on the paramagnetic 

properties of organic radicals. In particular, in MRI applications, 

paramagnetic gadolinium-based contrast agents (CAs) are 

widely used because, thanks to their seven unpaired electrons 

(spin 7/2), they shorten T1 relaxation time and lead to high signal 

enhancement [1–5]. Gadolinium dendrimeric systems have been 

used with success: for example, the covalent attachment of 

Gd(III) complexes to poly(amido amine) (PAMAM) dendrimers 

to generate unique macromolecular contrast agents for MRI has 

been reported by several research groups [6]. Although 

gadolinium-based contrast agents have historically been 

considered as safe, a linear relationship between their 

administration and the development of nephrogenic systemic 

fibrosis has been recognized in patients with renal impairment 

[7,8]. In addition to this, the accumulation of toxic Gd(III) ions 

in the brain, kidneys, liver, bones, or skin of patients with 

normal renal function has recently been demonstrated [9]. For 

this reason, it is crucial to find alternative imaging probes with 

the same or better paramagnetic properties than current Gd-

based CAs. 

 

More than 20 years ago, Janssen and Meijer [10] and Kashiwagi 

[11] functionalized dendrimers with organic radicals to study 

their electron paramagnetic resonance (EPR) or voltammetric 

behavior. Since then, only a few papers based mainly on 

poly(amido amine) (PAMAM) and poly(propylene imine) (PPI) 

dendrimers functionalized with organic radicals have been 

reported, with the majority of them devoted to the study of their 

magnetic or structural properties, relaxivity, or other related 

properties [12–16]. It is only a few years ago when, with a view 

to their application as contrast agents for MRI, they began to be 

studied in the scientific community [17–24]. Poly(propylenene 

imine), polyphosphorhydrazone (PPH), and oligoethylene glycol 

(OEG) based-dendrimers or dendrimer-like structures were 

functionalized with organic radicals, trying to replace the 

gadolinium III complexes currently used for this purpose. In 

fact, the first time the term ―radical dendrimers‖ was used was in 

one of our first publications, specifically in the article published 

in Macromolecules in 2014, in which the synthesis and 
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characterization of a family of polyphosphorhydrazone-based 

dendrimers fully functionalized with organic radicals was 

described for the first time [19]. 

 

Recently, radical dendrimers have also been used for their 

antioxidant or anti-tumor properties in TEMPO radical-

terminated polyurethane dendrimers. In particular, the G4 

generation exhibited significant anti-tumor activity and also 

showed a protective effect against oxidative cell damage [25,26]. 

 

Polyphosphorhydrazone-Based Radical 

Dendrimers  
 

Focusing on polyphosphorhydrazone dendrimers, the synthesis 

of radical dendrimers based on PPH can only be understood 

thanks to the impressive work carried out by the group of Jean-

Pierre Majoral and Anne-Marie Caminade using these 

phosphorous dendrimers [27–32]. 

 

The first articles published of this kind of dendrimer with 

radicals were based only on a cyclotriphosphazene ring as a 

scaffold for the radicals in order to study its magnetic, 

electrochemical, and structural properties, the interaction 

between radicals at the dendrimer surface, as well as the 

obtaining of chiral multi-spin systems [18,33–38]. For example, 

it was possible to provide, for the first time, experimental data 

about the molecular structure in solution, by EPR, of the 

cyclotriphosphazene ring functionalized with TEMPO radicals 

in its six branches, demonstrating they have the same relative 

orientation as in the solid state determined by X-ray diffraction: 

three branches above the cyclotriphosphazene ring and the other 

three below it (Figure 1) [18]. With a view to examining the 

possibility of building chiral multi-spin systems on the 

cyclotriphosphazene scaffold, Tamura and co-workers prepared 

chiral nitroxide–cyclotriphosphazene hybrid compounds, and 

they evaluated the magnitude of the intramolecular spin–

exchange interactions by EPR, and their magnetic properties in 

the solid state by magnetic susceptibility measurements and X-

ray crystallographic analysis [33,34]. 
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Figure 1: EPR spectrum at 350 K and the corresponding X-ray diffraction 

structure of cyclotriphosphazene functionalized with six TEMPO radicals. 

Published by Org. Lett. in 2013 [18]. 
 

The first family of polyphosphorhydrazone dendrimers 

functionalized with organic radicals was published in 2014, as 

mentioned above. Vidal-Gancedo and co-workers obtained a 

five-generation family of PPH-based radical dendrimers with 

TEMPO as the radical end groups (Scheme 1) [19]. A 

comprehensive characterization was carried out by EPR, 

SQUID, 
1
H NMR, 

31
P NMR, FT-IR, and UV-Vis spectroscopy. 

The nitroxyl radicals at the periphery exhibited a strong 

intramolecular spin–exchange interaction among them, which 

depended on the dendrimer generation and the temperature. At 

higher generation and temperature, the intramolecular spin–

exchange interaction among radicals was much stronger. The 

dynamic behavior with temperature of such an interaction was 

also carefully studied by EPR. In addition, the magnetic 

properties studied by SQUID magnetometry showed weak anti-

ferromagnetic interaction between the spin carriers. 

   EPR

10 G
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Scheme 1: Synthesis of five generations of PPH-based radical dendrimers (3-

Gc0T, 3-Gc1T, 3-Gc2T, 3-Gc3T, and 3-Gc4T), with 6, 12, 24, 48, and 96 

TEMPO radical units, respectively, at the periphery. Published by 

Macromolecules in 2014 [19]. 

 

Having solved the challenge of obtaining PPH radical 

dendrimers, it is essential to solve one of the main problems that 

dendrimeric systems present, especially in middle and high 

generations: their solubility in water, if we are thinking about 

biomedical applications. The water solubility of dendrimers or 

similar compounds is sometimes overcome by PEGylation or by 

including free polar end groups, among other techniques 

[17,22,39,40]. However, in this way, not all of the anchoring 

positions at the end of the branches are available for radical 

anchoring, and hence the molecular relaxivity should be lower 

than with a fully nitroxide covered surface. In our group, we 

proposed an innovative procedure to increase the water 

solubility and, at the same time, to maintain the entire number of 

terminal functional groups to be functionalized with radicals. It 

consists of the use of an amino acid, in this case tyrosine (Tyr), 

as a linker between the PPH branches and the radicals, in this 

case PROXYL radicals (Gn-Tyr-PROXYL dendrimers, Figure 

2) [21]. The amino acid is coupled to the dendrimer’s branches, 

providing an available amino group for radical coupling and a 
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methyl ester group to provide negative charges via hydrolysis, 

which confer high solubility at physiological pH and low 

toxicity for intravenous administration. In this way, we obtained 

a series of radical dendrimers fully soluble in water with up to 

48 PROXYL radicals in the periphery that provided very high 

relaxivities. 

 
 
Figure 2: Structures of four generations of PPH Gn-Tyr-PROXYL (n = 0–3) 

radical dendrimers. Published by ACS Appl. Bio Mater. in 2020 [21]. 

 

The fully water-soluble PPH based Gn-Tyr-PROXYL radical 

dendrimers obtained offered to the pendant radicals much higher 

stability against reduction compared with the free PROXYL 

radical, as shown by an EPR chemical reduction study with 

ascorbic acid. The high number of paramagnetic nitroxide units 

in the dendrimer’s periphery resulted in high molecular 

relaxivities (Figure 3): while G1-Tyr-PROXYL dendrimer 

presented a similar relaxivity (2.9 s
-1

mM
-1

) than the most widely 

used Gd-based CA in clinics (Gd-DTPA, 3.2 s
-1

mM
-1 

r.t. 7T), 

one molecule of G3-Tyr-PROXYL radical dendrimer presented 

a relaxivity of ca. 13 s
-1

mM
-1 

that means a remarkably 4 times 

higher value than Gd-DTPA. Similar results were obtained in the 

ex-vivo MRI studies in mice, obtaining very good relative 

contrast enhancement after the local injection of G3-Tyr-

PROXYL radical dendrimer compared with Gd-DTPA. 

Moreover, the four radical dendrimers’ generations showed very 

low cytotoxicity. These studies all demonstrated that such 

radical dendrimers are excellent candidates to be used as MRI 

Mw 2261 gmol-1

Mw 5654 gmol-1

Mw 12440 gmol-1

Mw 26013 gmol-1
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contrast agents suited for biomedical applications. Furthermore, 

the control over the structure of these dendrimers, opens the 

window of opportunity for a future modulation of their 

biodistribution profiles. 

 
Figure 3: Longitudinal (r1) and transverse (r2) relaxivity per molecule of PPH 

Gn-Tyr-PROXYL (n = 0-3) radical dendrimers determined at 7T in 100 mM 

phosphate buffer pH 7.4, 300 K. Published by ACS Appl. Bio Mater. in 2020 

[21]. 

 

It is important to note that the use of radical dendrimers allows 

us to tune the system by playing with the type of dendrimer, its 

branches, the radical used, and the linker to connect the radical 

to the dendrimer. In this way, we can modify the properties of 

the radical dendrimers at will, opening the perspective of 

creating a system with optimized properties to fulfill the requests 

of each application. 

 

There are several examples that allow us to see the versatility of 

this approach: one of them is the improvement of the solubility 

in water explained in the previous example, using amino acids as 

linkers [21]. 

 

Another example, is the possibility to tune the intramolecular 

spin–exchange interaction between radicals, as well as their 

physical–chemical properties, by using different linkers. Two 

generations of PPH-based radical dendrimers were synthesized 
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with two different linkers, imino and acrylamido ones (Figure 4) 

[41]. In this paper, a drastic change in the way that the radicals 

interacted among one another was observed by EPR and CV 

studies. While the radicals in Gn-imino-TEMPO dendrimers 

presented a strong intramolecular spin–exchange interaction, in 

the Gn-acrylamido-TEMPO ones, they acted mainly as 

independent radicals. In addition, the choice of the linker can 

lead to a radical dendrimer with different physical–chemical 

properties, even though the dendritic structure is the same—for 

instance, showing completely different polarity (in this case, 

much higher with the acrylamido linker than with the imino 

one). The control over the interactions between radicals opens 

the perspective to tune them as needed in many applications, 

such as dynamic nuclear polarization (DNP), MRI, organic 

electronics, or organic batteries. 

 
 

Figure 4: EPR spectra of PPH Gn-acrylamido-TEMPO and Gn-imino-TEMPO 

radical dendrimers, showing the different intramolecular spin–exchange 

interaction among radicals, depending on the linker used. Published by 

ChemPhysChem in 2018 [41]. 

 

Finally, if we change the type of radical—for instance, using 

perchlorotriphenylmethyl (PTM) radicals—we can take 

advantage of their redox properties, for example in the design of 

different devices such as molecular switches [42]. Three 

generations of polyphosphorhydrazone dendrimers, fully 

a)

b)
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functionalized with 6, 12, and 24 PTM radicals in the periphery, 

were capable of undergoing electrochemical reversible switching 

by multi-electron reduction and oxidation. An electrical input 

was used to trigger the physical properties of these radical 

dendrimers in a reversible way, modifying their optical, 

magnetic, and electronic properties (Figure 5). 

 

 
 

Figure 5: Representation of the electrochemical bistability of PTM radical 

dendrimers (PPH Gn(PTM•)x, n = 0–2, x = 6–24). The PTM molecule has two 

redox states, the radical (left) and anion (right) forms, which can be 

electrochemically interconverted. Each state exhibits different magnetic and 

optical properties: radical dendrimers Gn(PTM•)x exhibit spin S = x.½, an 

absorbance band at 386 nm, and red fluorescence emission, and anion 

Gn(PTM)x is a diamagnetic species with S = 0, a maximum absorbance band 

at ca. 520 nm, and is not fluorescent. Published by Chem. Mater. in 2019 [42]. 

 

Relaxivity Values Obtained So Far with 

Radical Dendrimers  
 
As one of the main applications of radical dendrimers described 

to date is as contrast agents for magnetic resonance imaging, 

herein, we present a short overview of the relaxivity results 

obtained so far for the different radical dendrimers soluble in 

water synthesized for such an application. Contrast agents are 

divided into two principal classes: T1 contrast agents (e.g., 

paramagnetic metals such as gadolinium) that give positive-

contrast images by locally reducing the water 
1
H longitudinal 

relaxation time (T1), and T2 contrast agents (e.g., 

superparamagnetic iron oxide nanoparticles) that lead to 

Erase

+ 1e–

Write

– 1e–

On state

abs ~ 386 nm, red emission 
S > 1/2

Off state

abs ~ 520 nm, no emission   
S = 0

Read
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negative-contrast images by locally decreasing the water 
1
H 

transverse relaxation time (T2). The corresponding water 
1
H 

relaxivities of a contrast agent (r1 and r2, respectively) describe 

the extent to which the agent decreases the T1 and T2 times of 

water 
1
H in the presence of 1 mM concentration of the agent. 

Higher relaxivity values translate to a better image contrast and, 

hence, better MRI efficiency of the system. As explained in the 

introduction, paramagnetic systems such as Gd-based contrast 

agents or organic radical-based systems such as radical 

dendrimers act mainly as effective T1 contrast agents. 

 

When PAMAM and PPI (DAB-type) dendrimers were fully 

functionalized with up to 32 PROXYL radicals per 

macromolecule, the relaxivities obtained significantly increased, 

up to r1 ca. 5 s
−1

mM
−1

 at 1.5 T, compared to those of the 

monomeric nitroxide with a single spin (0.18 s
−1

mM
−1

). 

However, in the highest generation, the relaxivity per nitroxide 

unit was lower than the free radical (0.16 s
−1

mM
−1

) [12]. When 

PAMAM dendrimers (G0-NH2 to G4-NH2) were fully 

functionalized with nitronyl nitroxide (NIT) radicals, the 

relaxivity per radical unit obtained in G2-NIT and G3-NIT was 

about half of the value for the monomeric free radical in 

solution, and the authors attributed this fact to the restricted 

volume, where water molecules could approach the 

paramagnetic center in dendrimers [15]. In these two previous 

reported works, the relaxivity per radical unit decreased in 

higher generations, which can be explained by the aggregation 

problems promoted by the lower water solubility of larger 

generations, what makes radical units inaccessible by water 

molecules. The water solubility problems were overcome in 

different ways. Using an aminoacid as a linker between the 

radical and the dendrimer’s branch, Vidal-Gancedo and co-

workers achieved fully water-soluble radical dendrimers with a 

relaxivity per molecule of r1 ca. 13 s
−1

mM
−1

 at 7 T in a PPH-G3 

generation with 48 PROXYL radicals anchored (G3-Tyr-

PROXYL), and an increase on a per radical unit value, from the 

free PROXYL (0.20 s
−1

mM
−1

) to PPH-G3 (0.27 s
−1

mM
−1

) [21]. 

The same authors used OEG-based dendrimers, i.e., dendrimers 

with water-soluble branches themselves, to anchor PROXYL 

radicals, also obtaining highly soluble radical dendrimers. They 
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achieved a relaxivity per molecule of r1 3.4 s
−1

mM
−1

 at 7 T with 

the second generation (20 radicals units), and a similar r1 per 

nitroxide unit than the free radical [20]. Rajca and co-workers 

introduced poly(ethylene glycol) chains into spirocyclohexyl 

nitroxide-based PPI dendrimers, resulting in a relaxivity per 

molecule of r1 ca. 5 s
−1

mM
−1

 at 7 T in G4-PP-PEG system with 

an average number of nitroxide units per macromolecule of 13, 

which means a relaxivity per nitroxide unit of 0.42 s
−1

mM
−1

 

[17]. The authors pointed out high rotational correlation times of 

the macromolecule (restricted motion of the radicals) as the 

factor influencing the water r1 relaxivity, and long 

residence/exchange time of water molecules hydrogen-bonded to 

the nitroxide radicals as the most probable factor limiting it. 

Other related structures have also been studied as MRI contrast 

agents, such as brush-arm star polymer or cross-linked polymers 

with nitroxides anchored, reporting very high r1 and even r2 per 

nitroxide unit [22,39]; however, as they are not radical 

dendrimers, they are beyond the scope of this review. 

 

Conclusions  
 

Dendrimers offer many applications due to their functional and 

structural versatility. In fact, radical dendrimers (i.e., dendrimers 

functionalized with persistent organic radicals) offer us the 

possibility to play with different types of dendrimers or radicals, 

as well as with the linker between them modulating their 

properties to fulfill the requests of each application. 

 

In particular, radical dendrimers based on PPH offer many 

possibilities. For example, as contrast agents in magnetic 

resonance imaging (MRI), in order to replace gadolinium-based 

contrast agents, thanks to their high relaxivity and low toxicity, 

or the possibility of developing new types of devices based on 

the paramagnetic properties of organic radicals. Other 

applications that have begun to be developed in other types of 

radical dendrimers, such as anti-tumor or antioxidant properties, 

can surely also be studied in PPH-based radical dendrimers. In 

short, the development of this type of new compounds opens up 

a wide range of possibilities in the future, mainly in biomedical 

applications. 
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