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The multivalent character of dendrimers has positioned these well-defined, highly branched
macromolecules at the forefront in the development of new contrast agents for biomedical
magnetic resonance imaging (MRI). By modifying the periphery of the dendrimer with
gadolinium(im) chelates, the relaxivity of the resulting MRI contrast agent is increased
considerably, compared to low molecular weight Gd(i1) chelates. The monodisperse character of
dendrimers creates a unique opportunity to introduce dendritic MRI contrast agents into clinics.
In addition, a prolonged vascular retention time is obtained due to the larger size of the dendritic
molecules. By using dendrimers as multivalent scaffolds carrying multiple ligands, the interaction
between ligand and marker can be enhanced through multivalent interactions. Current research
focuses on the combination of multivalent targeting and enhanced relaxivity. This paper describes
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the application of dendrimers in biomedical MRI.

Introduction

At the start of the twentieth century, the field of biomedical
imaging emerged as a result of Rontgen’s discovery of X-rays
in 1895. With the sophisticated imaging tools of today, such as
magnetic resonance imaging (MRI), computed tomography
(CT), positron emission tomography (PET) and ultrasono-
graphy (US), the diagnosis and recognition of disease has
evolved tremendously.!? Traditionally, diagnostic imaging
has focused on the detection and visualization of the ultimate
effects of a disease. The rapidly growing discipline of mole-
cular imaging aims to probe fundamental molecular processes
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at the early stage of diseases, leading to efficient therapy.?™®
Through early diagnosis, the need for exploratory surgery
would also decrease, if not be completely eliminated, thereby
improving patient care and reducing medical costs. Molecular
imaging uses molecular probes in vivo. The attachment of
various labels to target-specific ligands permits in vivo diag-
nosis based on a combination of existing imaging tools,
resulting in an increased understanding of the pathophysio-
logy on a molecular level.!>7

MRI has become one of the prominent non-invasive ima-
ging techniques for disease diagnosis. Its advantages include a
high spatial resolution, a non-ionizing radiation source, and
the ability to extract, simultaneously, physiological and ana-
tomical information of soft tissue. However, a major limita-
tion of MRI remains its inherent low sensitivity. To increase
the sensitivity of MRI, scientists have developed non-toxic
contrast agents over the last few decades. So far, the Federal
Drug Agency (FDA) and European Medicines Agency
(EMEA) have approved only low molecular weight (MW)
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Gd(r) complexes of precise structure as MRI contrast agents,
such as Gd(ui)DTPA (DTPA = diethylenetriaminepentaace-
tic acid) and Gd(m)DOTA (DOTA = 1,4,7,10-tetraazacyclo-
dodecane-1,4,7,10-tetraacetic acid) (Fig. 1).

These Gd(u) complexes are currently the most widely
applied contrast agents for general MRI and are appreciated
for their predominant positive signal enhancement. Nowa-
days, approximately one-third of MRI studies are performed
using low MW Gd(m1) complexes. Unfortunately, the non-
specificity, low contrast efficiency and fast renal excretion of
these MRI contrast agents require a high dosage. These
aspects severely limit the utility of these materials for mole-
cular MRI. One method to increase the contrast and reduce
the required dosage is to attach multiple MRI labels to a single
scaffold.

This concept led to research being undertaken in the area of
functional polymers bearing multiple contrast agent moieties.
The large MW distribution in synthetic linear polymers pre-
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Fig. 1 Chemical structures of (a) Gd(um)DTPA and (b) Gd(ur)-
DOTA.

vented approval of their in vivo application by the FDA and
EMEA. While several polymers bearing multiple Gd(ir)-based
MRI contrast agent moieties have been evaluated experimen-
tally, none have entered clinical trials for reasons including
toxicity and incomplete renal excretion. In a similar fashion,
MRI labels can be tagged to hyperbranched polymers, but
similarly the size distribution may hamper their in vivo appli-
cation. An alternative synthetic scaffold that is capable of
carrying multiple contrast agent functionalities within its
structure is a dendrimer.® These highly branched macromole-
cules, with nanoscopic dimensions and tunable sizes, have
been successfully employed as multivalent MRI contrast
agents. The possibility of implementing a discrete number of
MRI labels and targeting units at well-defined positions within
the same macromolecular structure is one of the unique
features of dendrimers, and gives the opportunity to improve
both the sensitivity and specificity of MRI (Fig. 2).

In this paper we present the state-of-the-art in dendritic
MRI contrast agents and highlight their potential future
applications to molecular MRI.
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Fig.2 Multivalent target-specific MRI contrast agents for the specific
accumulation of MRI contrast agent at a region of interest.
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Fig. 3 Different generations of the commercially available poly-
(propylene imine) dendrimer.

Dendritic architectures

Dendrimers are multivalent macromolecules with a regular, highly
branched structure, and nanoscopic dimensions (2-10 nm)
resembling those of proteins.® These structures are synthesized
via a “‘cascade’ synthesis using an iterative sequence of reac-
tion steps. In the early 1980s Denkewalter ez al. patented the
synthesis of L-lysine-based dendrimers.>'! The first
dendritic structures that were thoroughly investigated and
received widespread attention were Tomalia’s poly(amidoami-
no) (PAMAM) dendrimers'>!* and Newkome’s “arborols”.'*
All of these dendrimers are synthesized according to a diver-
gent synthetic approach, in which the synthesis is started from
a multifunctional core and is elaborated to the periphery.
Later on, Hawker and Fréchet introduced the convergent
approach for the synthesis of aromatic poly(ether) dendri-
mers.'>'® In the convergent procedure, the dendritic wedges
are first synthesized and subsequently attached to a multi-
functional core. Although the yields obtained using the
convergent procedure are, in general, lower than for the
divergent procedure, the purity of the dendrimers is higher.
In 1993, in a continuation of the original work of Vogtle
et al.,'”” Miilhaupt er al.'® and Meijer er al."® independently
reported a divergent approach for the synthesis of poly(pro-
pylene imine) (PPI) dendrimers (Fig. 3).

Even though many other types of dendritic systems have
been synthesized,zo’23 the dendrimers mentioned above are the
most frequently used and well-studied. The developed syn-
thetic strategies to dendrimers allow the introduction of a
precise number of functional groups to the core, within the
branches and/or along the periphery. The introduction of
functional groups into the dendritic framework can have a
great impact on its physicochemical properties, such as its
rigidity and solubility. Many of the fascinating properties, as
well as the synthesis and possible applications of dendrimers,
have been described in books and reviews by various experts in
the field.*>*

Dendrimers for MRI

The well-defined nature of dendritic architectures and their
multivalent properties has intrigued researchers into using
dendrimers in the biomedical arena.®® Dendritic structures
have been actively applied for diagnostic and therapeutic
purposes,”®3173¢ as well as for drug delivery vehicles,?>37-38

39,40

and other applications such as tissue engineering, mole-

cular encapsulation®>*!'"#® and light harvesting.*’~>°

In recent years, a number of research groups have explored
the use of dendrimers as a new class of macromolecular MRI
contrast agents.”'® The efficiency of MRI contrast agents is
often expressed in terms of their longitudinal relaxivity
(ry/mM™" s7"), ie. their ability to shorten the longitudinal
relaxation time of protons of water molecules (77/s). In eqn.
(1), (1/T1)observed 1 the observed longitudinal relaxation rate in
the presence of contrast agent, [Gd(i1)] is the concentration of
Gd(u) and (1/7)diamagnetic 1S the diamagnetic longitudinal
relaxation rate (in the absence of paramagnetic species).

(I/Tl)observed = (I/Tl)diamagnetic +r [Gd(IH)] (1)

In seminal work, Wiener et al.’' reported the synthesis of
different generations of Gd(im)DTPA-based PAMAM dendri-
mers (Fig. 4(a), Gd(in1) complex of 1). Their sixth generation
dendritic MRI contrast agent (MW = 139 kg mol™!) dis-
played an r of 34 mM~' s7! (0.6 T, 20 °C), which was six
times higher than the r; of Gd(m)DTPA (MW = 0.55 kg
mol™!, r; = 5.4 mM~! s7").>! This strong increase in r, was
ascribed to the lower molecular tumbling rate of the
Gd(m)DTPA complex at the periphery of the dendrimer, as
evidenced from the increase in the rotational correlation
times.” Interestingly, no increase in r; value was observed
for flexible macromolecular polymers of comparable molecu-
lar weight,®>°° implying that segmental motion dominates the
rotational correlation time. Bryant er al. investigated the
relationship between r; and the molecular weight of the
dendritic MRI contrast agent using different generations of
Gd(1mDOTA-based PAMAM dendrimers.”* In that case, a
plateau value for r; of 36 mM~!' s™' (0.47 T, 20 °C) was
reached for the seventh generation of Gd(i)DOTA-based
dendrimer (MW = 375 kg mol~").”> Moreover, it was demon-
strated that r; of the seventh generation dendrimer increases
with increasing temperature, indicating that slow water ex-
change limits the relaxivity.”>’* Rudovsky et al. studied the
effect on r; of the ionic interactions between negatively-
charged Gd(mm)-based PAMAM dendrimers (Fig. 4(b), Gd (i)
complex of 2) and positively-charged poly(aminoacids).”!
Titration experiments on the second generation dendritic
contrast agent with poly(arginine) showed an increase in r
from 20 to 28 mM ™' s™! (0.47 T, 20 °C). This effect was
attributed to a decrease in the mobility of the Gd(1r) complex,
induced by interactions between the anionic dendrimer and the
cationic poly(arginine).

A series of Gd(n)DTPA-functionalized PPI dendrimers was
reported by Kobayashi ez al. (Fig. 4(c), Gd(u) complex of 1).%
The authors demonstrated that r; almost linearly increased
with the molecular weight of the dendrimer without reaching a
plateau value, eventually resulting in a r, value of 29 mM !
s~ (1.5 T, 20 °C) for the fifth generation of dendritic contrast
agent.” Later on, we reported a novel series of Gd(i)DTPA-
based PPI dendrimers utilizing a different linker between the
Gd(1) complex and the dendrimer (Fig. 4(c), Gd(u1) complex
of 3).”2 Also, for these dendrimers, a significant increase in 1,
though not as pronounced as for the dendritic MRI contrast
agents reported by Kobayashi et al., was observed, while the
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Fig. 4 Dendritic MRI contrast agents with multiple Gd(iir) complexes along the periphery.

molecular weights of both systems were comparable (fifth
generation: r; = 20mM ™' s™!, 1.5 T and 20 °C). Furthermore,
in our case, “‘saturation’ of r; upon increasing the generation
of the dendrimer was observed, in contrast to the study of
Kobayashi et al.’® This suggests that the linker between the
Gd(m) complex and the dendrimer has a large effect on the
overall relaxivity.

Researchers at Schering AG (Berlin, Germany) have devel-
oped a lysine-based class of dendritic contrast agents: Gado-
mer-17% (r; = 152 mM~!' s7', 1.5 T and 37 °C) and
Gd(umDTPA-24-cascade-polymer.®* 737581 These macro-
molecular MRI contrast agents were synthesized from a
trimesoyltriamide central core, to which 18 lysine amino acid
residues were introduced. Gadomer-17® consists of 24 N-
monosubstituted Gd(i)DO3A moieties (DO3A = 1,4,7,10-
tetraazacyclo-dodecane-1,4,7-triacetic acid) (Fig. 4(d), Gd(m)
complex of 4), whereas Gd(11)DTPA-24-cascade-polymer con-
tains 24 Gd(m)DTPA complexes.

In the previous examples, dendrimers have shown to be
suitable synthetic scaffolds for the incorporation of multiple
Gd(1n) moieties, leading to an improved sensitivity for MRI in
terms of r;. These conclusions are based on measurements at
current magnetic fields of 0.5-1.5 T. The comprehensive
studies of Merbach e al. have shown that dendritic MRI
contrast agents exhibit NMRD profiles with maximum r;
values at these magnetic fields.3”*® However, at high magnetic
fields of 10 T, the r; values of dendritic contrast agents are
substantially lower, not exceeding the r; values of low mole-
cular weight Gd(ir)-based complexes.

Biocompatibility of dendrimers

The biocompatibility of dendrimers is an important issue when
in vivo applications are considered.*® Recently, in vitro studies
have shown that amine-terminated PPl and PAMAM dendri-
mers are cytotoxic, in particular the higher generations of
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Fig. 5 Diffusion of MRI contrast agents from the blood through the
vessel wall into the interstitial space in normal vessels. (a) Rapid
extravasation of low MW contrast agents; (b) slow extravasation of
high MW contrast agents.

protonated (cationic) dendrimers (ICsy for DAB-dendr-
(NHb)es < 5 pg mL™").7% These results are in agreement with
the haematotoxicity studies of Malik et al®* In their work, it
was concluded that the haemolytic effect of PAMAM and PPI
dendrimers on rat blood cells increased considerably as a
function of generation.”* These effects may be attributed to
favorable interactions between positively-charged dendrimers
and the negatively-charged cell membranes.”> On the other
hand, PPI and PAMAM dendrimers functionalized with
carboxylate end groups at the periphery are neither cytotoxic
nor haemolytic up to a concentration of 2 mg mL™!. This
suggests that the overall toxicity of dendritic structures is
strongly determined by the functionalities along the periphery.
To date, only a few systematic studies on the in vivo toxicity of
dendrimers have been reported. Remarkably, the general trend
is that PAMAM dendrimers (up to the fifth generation), either
unmodified or modified with chemically inert surface moieties,
do not appear to be toxic in mice.”® Furthermore, peptide-
functionalized poly(lysine) dendrimers were also found to be
biocompatible.”’

In vivo MRI

The aforementioned dendritic MRI contrast agents have
been evaluated in animal models for high resolution
MRI.31357L7398 Qeveral jn vivo MRI studies have shown that
the higher generations of dendritic MRI contrast agents, in
contrast to low MW Gd(m) chelates, remain in high concen-
trations in the bloodstream for longer periods of time. This
results in an improved visualization of vascular structures.
Due to the fact that high MW contrast agents show little
extravasation and intravascular retention, they are commonly
referred to as blood pool agents, while low MW contrast
agents are referred to as extravascular agents (Fig. 5).%>
Kobayashi et al. demonstrated that Gd(mm)DTPA-termi-
nated PPI dendrimers are suitable for in vivo MR angiography,
lymphography, the evaluation of MRI contrast agent distri-
bution and clearance, and as biometric nanoprobes to detect
vascular permeability.>>%* 7% Gadomer-17® is currently in
clinical development for blood pool imaging.%® 77>
Clearance by the kidneys to prevent the undesired accumu-
lation of Gd(m) in the body is important for the in vivo
application of MRI contrast agents. From several studies, it
has become clear that the pharmacokinetic properties of
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Fig. 6 Whole-body contrast-enhanced MRI at 1.5 T of mice with the
first (G1), third (G3) and fifth (G5) generation of Gd(im)DTPA-based
PPI dendrimers, containing 4, 16 and 64 Gd(u)DTPA units per
dendrimer, respectively. Images acquired at 8 s, 30 s and 8 min (a =
aorta, b = bladder, h = heart, k = kidney, | = liver, rc = renal
collecting system, rp = renal parenchyma kidney and s = spleen).”®

dendritic MRI contrast agents strongly depend on the genera-
tion, the nature of the dendritic scaffold and its overall
charge.>%%%%% For instance, dynamic contrast-enhanced
MR images with different generations of Gd(i1)DTPA-termi-
nated PPI dendrimers (Fig. 4(c), Gd(i) complex of 3) have
shown that the first generation dendritic contrast agent is
rapidly cleared from the renal system and accumulates in the
bladder, whereas higher generations are cleared from the renal
system at a slower rate (Fig. 6).”%

Dendritic target-specific MRI contrast agents

The dendritic MRI contrast agents discussed in the previous
paragraphs are excellent blood pool agents. However, these
structures lack the specificity required for molecular MRI.!%
The development of target-specific MRI contrast agents,
directed to defined molecular markers, could dramatically
improve the imaging of a specific disease, due to the accumu-
lation of MRI contrast agent at the region of interest.'°! For
molecular MRI, the local concentration of receptors is often
too low to reach detectable concentrations of monovalent
target-specific contrast agent. A strategy to compensate for
insufficient accumulation is to attach multiple MRI labels to
the targeting unit. Important classes of targeting units that
have already been introduced at the periphery of dendrimers
are  polysaccharides,'® !9  oligopeptides,””!%1%  pro-
teins, 1% antibodies,''® oligo-nucleotides!!' and folic
acid.''>!''5 So far, only a few examples of target-specific
dendritic MRI contrast agents have been described.
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Fig. 7 Target-specific dendritic MRI contrast agents based on the fourth generation PAMAM dendrimer with, on average, two folate moieties

along the periphery.

Konda et al. reported a Gd(in)DTPA-based PAMAM
dendrimer with, on average, one or two folate moieties
(Fig. 7)."'* In vivo MRI in mice with ovarian tumors
expressing the folate receptor resulted in a significant signal
enhancement using this dendritic contrast agent, while no
enhancement was observed for mice with folate receptor
negative tumors.!'2"!13

A conceptually different approach to Gd(i)DTPA-based
dendrimers, using immobilized Gd(i) at the interior of the
dendritic framework, has been described by Takahashi et al.''®
They reported the synthesis of dendrimers with twelve
D-glucose derivates along the periphery and one Gd(i1) com-
plex at the interior (Fig. 8). The authors speculated that the
high local concentration of carbohydrates might further im-
prove the binding affinity, due to multivalent interactions
between the polysaccharide and its receptor, i.e. the glycoside
cluster effect. In general, the concept of multivalency is of
particular interest when the interaction between a targeted unit
and its marker is rather weak.''”"'"?
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Fig. 8 A dendritic structure with Gd(im) at the interior and multiple
carbohydrates along the periphery, as reported by Takahashi e al.''®

Perspectives

Future challenges in the field of MRI contrast agents involve
the rational design and synthesis of multivalent target-specific
structures (Fig. 9).'*° The combination of target-specific
ligands and the attachment of multiple MRI labels to a single
scaffold is anticipated to be beneficial for the accumulation of
MRI labels at regions of interest, as well as for the generation
of a detectable MR signal. For this purpose, novel synthetic
strategies have to be developed. The desired combination of
size and orthogonal peripheral functionality can be obtained
via a general modular synthetic approach, enabling the
optimization of MRI contrast and binding affinity. Moreover,
the combination of MRI labels and other imaging labels (e.g.
for optical imaging or PET) on a single scaffold would allow
bimodality in imaging, thereby integrating the advantages of
different imaging techniques.'?! For these applications, not
only is the synthesis a real challenge, but also novel character-
ization techniques to analyze these complicated architectures
must be developed. Dendrimer formulations used in humans
must conform to current Good Manufacturing Practice
(cGMP) to ensure their correct identity, strength, quality
and purity. These regulatory hurdles are often difficult to
overcome.

Ultimately, by tuning the ratio between MRI labels and
targeting units, the efficacy of target-specific dendritic contrast
agents may be optimized. Dendrimers are uniquely qualified to
establish this in a site-specific and controlled fashion.
Recently, Hawker et al. demonstrated this concept by merging
a carbohydrate-functionalized dendritic wedge with a bivalent
fluorescent label using click chemistry,'?? while our group
demonstrated the use of native chemical ligation to construct
dendrimers with multiple ligands for gadolinium and multiple
oligopeptides for targeting.'?® It is our strong belief that the
concept of combining multivalency for targeting, nanoscale
size and multiple ligands for MRI will bring molecular

This journal is © the Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2007

New J. Chem., 2007, 31, 1152-1160 | 1157


http://dx.doi.org/10.1039/b616960k

Downloaded by University of Belgrade on 01 January 2013
Published on 12 February 2007 on http://pubs.rsc.org | doi:10.1039/B616960K

View Article Online

(a)

TS

ey

o
%

\°qb

ﬂf%;f;
2y
}ny

[+]
2§
Y
1N
1’-{:& >
o
-
g

Fig. 9 Multivalent target-specific MRI contrast agents. (a) A supramolecular approach to multivalent target-specific contrast agents based on a
biotinylated oligopeptide equipped with Gd(1m)DTPA and avidin; (b) dendritic MRI contrast agents composed of Gd(1m)DTPA and oligopeptides;
(c) protein-based dendritic contrast agents; (d) target-specific dendritic contrast agents based on the ligation of two different dendritic wedges.

medicine closer to reality. For this research, target-specific,
well-designed dendrimers, either covalently modified or
modified by supramolecular interactions, will lead to much
success in the near future.
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