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Gd(III)-containing dendrimers are promising contrast agents for magnetic resonance imaging (MRI).
An important issue in the effectiveness and toxicity of a Gd(III) based MRI contrast agent is knowledge of the relative locations and concentrations of Gd(III) in dendrimer drug delivery hosts. In order
to provide experimental information on this issue, we have investigated the electron paramagnetic
resonance (EPR) of a stable Gd(III) complex with diethylenetriaminepentaacetic acid (DTPA) in various polyammidoamine (PAMAM) dendrimers as a function of dendrimer generation (G2, G4, and G6),
dendrimer core (ethylenediamine = EDA, and cystamine = cys), and dendrimer surface functionality
(–NH2 , 5-oxo-3-pyrrolidinecarboxylic acid methyl ester = pyr, and tris(hydroxymethyl) methylamine =
tris). The dendrimer systems were investigated in the presence and absence of paramagnetic probes,
that is, Cu(II) and nitroxide radicals (4-(trimethylammonium and dodecyl-dimethylammonium) 2,2,6,6tetramethylpiperidine 1-oxyl bromide = CAT1 and CAT12, respectively). The analysis of the EPR spectra
revealed anisotropic locations of Gd-DTPA inside the dendrimer. Computer analysis of the EPR spectra of
the probes identiﬁed the interactions of the Gd-dendrimers with ions and organic molecules. The interaction between the probes and the dendrimer internal and external surface depends on the type of core,
the composition of the external surface and the generation of the dendrimer. The negatively charged GdDTPA complex attracts the positively charged species and this provokes spin–spin interactions between
Gd and the probes, which increases with a decrease in generation, mainly from G6 to G4, and with an
increase in both the Gd-dendrimer concentration and the probe concentration. The cys core increases the
internal volume and decreases the packing of the branches.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction
The lanthanide ion Gd(III) is by far the most frequently chosen
metal ion for magnetic resonance imaging (MRI) contrast agents,
because it has a very high magnetic moment (S = 7/2) and a symmetric electronic ground state, 8 S7/2 . The coupling of the seven
unpaired electrons of the Gd(III) ion with the surrounding water
proton spins observed in MRI is crucial for the contrast agent’s
effectiveness in relaxing proton spins. The measure of relaxation
eﬃciency is termed relaxivity. The interaction of Gd(III) with surrounding water protons leads to faster relaxation times (higher
values of relaxivity) of the water protons in an external magnetic
ﬁeld. Under certain measurement conditions, this creates a better
contrast in the resulting images. Gd(III), due to its high electron
relaxation time, gives electron paramagnetic resonance (EPR) spectra at room temperature [1]. However, for S > 1 ions, the zero
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ﬁeld splitting (ZFS) relaxation mechanism dominates, giving rise
to a very broad line in solution. Random H-bonds between water
molecules and the complex induce small distortions, which lead to
line broadenings. Because Gd(III) is generally highly toxic, thermodynamically and kinetically stable complexes, containing Gd(III) in
a protected form, were synthesized.
Polyammidoamine (PAMAM) dendrimers [2], a class of stable,
reproducible hyperbranched polymers [3], are well known to work
as gene carriers due to their resemblance to globular proteins and
the consequent biocompatibility [4]. Dendrimers have been already
used in the past as contrast agents in MRI [5]. Dendrimers as hosts
of a stable Gd complex with diethylenetriaminepentaacetic acid
(DTPA), that is, [Gd(DTPA)(H2 O)]2− (henceforth termed Gd-DTPA),
are candidates for in vitro and in vivo MRI contrast agents. The
cytotoxicity of the toxic Gd(III) is reduced by DTPA complexation
and further reduced due to the shielding by the host (dendrimer),
which works as a carrier of the contrast Gd(III) agent. Therefore, in
this study we have characterized, by means of EPR, various PAMAM
dendrimers containing varying amounts of Gd-DTPA. The dendrimers were selected on the basis of generation (2, 4, and 6; indi-
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Scheme 1. Structure of the dendrimers and probes.
Table 1
Dendrimers studied in this work (see Scheme 1 for structures)
Generation

Core

Surface

% Gd-DTPA

Gd-DTPA/dendrimer
molar ratio

Acronym

4
4
6
2
4
4

Cys
EDA
EDA
EDA
EDA
EDA

Tris
Tris
Tris
Tris
Pyr
NH2

50.5
48.8
50.4
44.9
47.2
69.9

34
32
136
6.3
36
59

Gd-G4(cys)-tris
Gd-G4-tris
Gd-G6-tris
Gd-G2-tris
Gd-G4-pyr
Gd-G4-NH2

4
4
4
4

Cys
EDA
EDA
EDA

Tris
Tris
Pyr
NH2

0
0
0
0

0
0
0
0

G4(cys)-tris
G4-tris
G4-pyr
G4-NH2

cated as G2, G4, and G6, respectively); on the basis of the surface
functionality (amino, 5-oxo-3-pyrrolidinecarboxylic acid methyl ester, and tris(hydroxymethyl) methylamine; indicated as NH2 , pyr,
and tris, respectively); and on the basis of the dendrimer core
(ethyleneamine, and cystamine; termed EDA and cys, respectively).
The structures of Gd-DTPA, and the G2 and G6 PAMAM dendrimers (with the different cores and surface functions) are shown
in Scheme 1. Table 1 lists the various dendrimer acronyms studied in this report (the Gd-containing dendrimers are totally called
Gd-dendrimers).
Several papers report on the theory of electron spin relaxation of Gd(III) complexes and their use as probes and MRI

contrast agents [6–14]. Among them, an interesting paper by
Merbach, Nicolle and coworkers reports on the EPR analysis of
a Gd-dendrimer, termed Gadomer 17, used as a contrast agent
for MRI [15]. Gadomer 17 is a lysine-based dendrimer with
24 Gd(dota)-monoamide chelates attached (dota = N , N  , N  , N  tetracarboxymethyl-1,4,7,10-tetraazacyclododecane). The relaxation
mechanism of Gd in the dendrimers is modulated by two parameters: the zero-ﬁeld splitting (ZFS) and the intramolecular interaction [16–19]. Therefore, on the basis of the relaxation theory, the
main parameters provided by the EPR analysis are the zero ﬁeld
splitting parameters, and the Gd–Gd distance extracted from the
linewidth. Examples of computation of the EPR-signal of Gd-DTPA
at X-band are also reported in the literature [12–14]. We performed
an analysis of the spectra of Gd-DTPA absorbed in the dendrimers
based on computation (by means of the magnetic parameters from
the literature), and, mainly, on the comparison of the line widths
and the intensity ratio between the spectral lines under different
experimental conditions.
Selected nitroxide radicals and Cu(II) were mixed with Gddendrimers, with the aim of providing further information about
Gd-DTPA locations and about the Gd-dendrimer ability to interact
with organic-inorganic species. It is expected that the positively
charged Cu(II) well interacts with the negatively charged Gd-DTPA
into the dendrimer structure, and, through spin–spin interactions
between copper and gadolinium, will provide information concerning the Gd-DTPA distribution into the dendrimers. Of course we
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cannot exclude that transmetallation occurs between Cu(II) and
Gd(III) [20], or formation of hetero-Cu–Gd complexes, as also described in the literature [21].
The size of stable nitroxide radicals is usually too large to
permit their internalization into the PAMAM dendrimer structure.
Therefore, the nitroxide radicals provide information on their ability to interact with the external surface of the dendrimers. Furthermore, the radical-Gd(III) magnetic interactions indirectly report on
the localization and distribution of Gd-DTPA into the dendrimers,
speciﬁcally in the vicinity of the external dendrimer surface.
Previous studies on the interaction of dendrimers with nitroxide radicals already indicated that both hydrophilic and hydrophobic interactions occur as a function of the dendrimer size, the
probe structure and probe charge [22–26]. On this basis, we performed a preliminary analysis (as a function of temperature and
relative concentrations) to select the probes which could provide
information on the Gd-dendrimers. The spectra of various nitroxide radicals were analyzed to verify the ability of each radical to
work as a probe of its interactions with the Gd-dendrimer surface, on the basis of the spectral variations from the absence to
the presence of Gd-dendrimers. The following radicals were examined: (1) tempo (2,2,6,6-tetramethylpiperidine 1-oxyl), and related
nitroxides such as 4-oxo-tempo, 4-hydroxy-tempo, 4 -tempo 1,4dimethylnaphthaline ether (termed OTDMN), and the positively
charged probes 4-trimethylammonium tempo bromide and 4(dodecyl-dimethylammonium) tempo bromide (termed CAT1 and
CAT12, respectively); (2) Proxyl radicals (where proxyl is 2,2,5,5tetramethylpyrrolidine 1-oxyl), such as 3-carboxy proxyl; (3) Doxyl
radicals (where doxyl is 4 ,4 -dimethylspiro(3,2 -oxazolidin)-3 yloxy), such as doxyl cholestane, doxyl-androstane and doxylstearic acids.
Here we do not report the results from all the probes, but
only present and discuss the results from CAT1 and CAT12 (their
structures are shown in Scheme 1), which demonstrated to be the
most informative probes, in agreement with previous studies [23],
and on the basis of the attraction between the oppositely charged
species, Gd-DTPA and CATn. However, it is interesting to note that
the hydrophobic probes (such as the doxyl probes) did not provide much information, because their solubility strongly decreased
when Gd-DTPA is present inside the dendrimers compared to the
same dendrimers without Gd-DTPA, probably due to the higher hydrophilicity of the Gd-dendrimers.
In summary, EPR analysis was performed for the different
PAMAM dendrimers (Table 1, Scheme 1) as a function of the following variables: (a) in the absence or the presence of the spin
probes—Cu(II), CAT1, and CAT12; (b) in the absence or the presence
of Gd-DTPA; (c) at different generations—G2, G4, and G6; (d) with
different functionalization of the external surface—NH2 , tris, pyr;
(e) with different core—EDA and cys; (f) with different amounts
of Gd-DTPA; (g) by modulating the relative concentrations of the
dendrimer and the probes; (h) as a function of temperature; (i) as
a function of aging time of the solution, to control the kinetics of
the interactions. In addition, control experiments were performed
with Gd-DTPA solutions in the absence of dendrimers.
We analyzed the EPR spectra from both the “Gd-point of view,”
that is, by following the variations of the Gd-DTPA signal, and from
the “probe-point of view,” that is, by analyzing the signals of the
added paramagnetic probes, to obtain an integral overview of the
properties of the different Gd-dendrimers.
2. Experimental
2.1. Materials
PAMAM-dendrimers, both with and without Gd-DTPA, were obtained from Dendritic Nanotechnologies (DNT), Inc. and used as
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received. The Gd-dendrimers were fully characterized by analytical methods which also indicated no release of Gd-DTPA from the
dendrimer surface. Table 1 shows the list of the dendrimers along
with information on the generation, the core, the surface groups,
the percentage (w/w) and molar ratio of Gd-DTPA/dendrimer, and
the acronym used to identify the dendrimer employed.
CAT1 and CAT12 were synthesized following the literature [27].
Tempo (tempo = 2,2,6,6-tetramethylpiperidine N-oxyl), 4-hydroxytempo, 3-carboxy-proxyl, doxyl-cholestane, doxyl-androstane, and
copper(II) nitrate hydrate were obtained from Aldrich and used as
received. The solid dendrimers were added to water both in the
absence and presence of the probes. Unless otherwise speciﬁed,
the concentration of the dendrimers was 0.2 M in surface groups
(equivalent to 3.1 mM in dendrimers for G4), the concentration
of the radicals was 0.04 mM, and the concentration of Cu(II) was
30 mM. About 30 μl of the freshly prepared solutions were inserted into capillary tubes (2 mm diameter), then deoxygenated by
bubbling Argon for 10 min. The tubes were sealed for EPR analysis.
Aging of the samples was allowed to occur in the sealed tubes.
All the samples were prepared in doubly distilled water (MilliQ) at the natural pH of the system. The amino terminated Gddendrimers have a pH of about 8–8.5 which decreases toward
the neutrality for the pyr and tris terminated dendrimers. The pH
changed only little upon addition of the probe solutions.
2.2. Methods
EPR spectra were recorded by means of a Bruker EMX spectrometer (X band) using a rectangular cavity (TE102 mode). Bruker
software was employed for spectra acquisition. The temperature of
the cavity was controlled with a Bruker N2 temperature controller
VT-3000.
3. Results and discussion
3.1. “Gd-point of view”: Analysis of the spectra of Gd-DTPA in the
Gd-dendrimer solutions in the absence and in the presence of added
paramagnetic probes
Fig. 1 shows, as example, the EPR spectrum of Gd-G4-NH2 dendrimer in solution recorded in the 0-7000 G range at 298 K. As
indicated in the ﬁgure, the spectrum is mainly constituted by a
relatively “narrow” line, whose line width changes from 570 G—
for Gd-DTPA free in solution (in agreement with similar data from
Clarkson et al. [13]), to 645 G—for Gd-G4-NH2 (Table 2). The line
width variations are quite small in some cases, but they are large
enough (above the accuracy limit) to provide information on the
systems under study. In the insert of the ﬁgure, an attempt to compute this narrow line is shown, which was performed by means of
the MANGSP program [28], modiﬁed to account for the S = 7/2,
I = 0 system. The input parameters were the D:D—inner product
of the ZFS tensor, and τc —the correlation time for the rotational
diffusion or any other motional ﬂuctuation that affects the ZFS
tensor. We selected the parameters reported in the literature for
Gd-DTPA [12–14]. Even if the simple transient ZFS model is certainly not adequate to the present case, this rough computation
showed a quite good agreement with the experimental line shape
by increasing the τc value up to 520 ps, which accounts for the
interaction of the Gd complex with the dendrimer surface, with a
consequent decrease in the degree of freedom. The shoulders indicated in Fig. 1 as “broad” lines may be attributed to a slowly
modulated ZFS interaction [14], due to Gd-DTPA trapped into the
dendrimer interior (Scheme 2). Indeed, these “broad” lines are absent for the Gd-G2 dendrimer (open structure), and show a slight
increase in the relative intensity with the increase in the dendrimer size. The computation of these “broad” lines is beyond the
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Fig. 1. EPR spectrum of Gd-G4-NH2 dendrimer in solution recorded in the 0–7000 G range at 298 K. The two spectral components are indicated in the spectrum as “broad”
and “narrow” lines. In the insert the computation of the “narrow” line is shown.
Table 2
Line widths of the narrow EPR peak of Gd ( H Gd ): left: for solutions of Gd-DTPA,
and of the various Gd-dendrimers; right: for solutions of the Gd-dendrimers in the
presence of the paramagnetic probes (Cu(II), CAT1, and CAT12) at various concentrations
Sample

 H Gd a (G)

Sample

 H Gd a (G)

Gd-G4-NH2
Gd-G4-pyr
Gd-G4(cys)-tris
Gd-G4-tris
Gd-G6-tris
Gd-G2-tris
Gd-DTPA

645
640
620
630
640
605
570

Gd-G4-NH2 CAT1-1 mM
Gd-G4-NH2 CAT12-1 mM
Gd-G4-NH2 Cu(II)-1 mM
Gd-G4-NH2 Cu(II)-30 mM
Gd-G4-NH2 Cu(II)-100 mM
Gd-G4-pyr Cu(II)-30 mM
Gd-G4(cys)-tris Cu(II)-30 mM
Gd-G4-tris Cu(II)-30 mM
Gd-G6-tris Cu(II)-30 mM
Gd-G2-tris Cu(II)-30 mM

635
625
645
635
595
595
590
585
605
590

a

ture and amount of other paramagnetic species added to the dendrimers.
Table 2 reports the line widths of the Gd narrow peak ( H Gd )
for solutions of Gd-DTPA (0.04 mM), and of the Gd-dendrimers
in the absence and in the presence of the paramagnetic probes
(Cu(II), CAT1, and CAT12) at various concentrations. A maximum
concentration of 1 mM of CAT1 and CAT12 was selected, because
higher concentrations could cause spin–spin interactions among
the radicals.
Even if some variations of  H Gd are small (just above the accuracy limit of 0.5%), they are very reproducible and support the
ﬁnding that the binding trends are changing from one another system.
The data in Table 2 provide the following information:

Accuracy 0.5%.

scope behind the purposes of the present work and it is henceforth
no further discussed in this study.
First of all, we have to underline that the amounts of Gd-DTPA
used for each dendrimer, as indicated in Table 1, was strictly the
amount of Gd-DTPA linked to the internal/external surface of the
dendrimer. This was also demonstrated by EPR, since addition of
Gd-DTPA to the Gd-dendrimer solutions led to the appearance of
the narrower signal characteristic of unbound Gd-DTPA (results not
shown).
Based on the theory of the ZFS-modulated relaxation, the increase in the line width reﬂects the increase in the magnetic interactions, since dipolar exchange interactions result in the broadening of the resonance line of Gd-DTPA. This results in an inverse
dependence between the dipolar  H and the r i6j distance between
the magnetic i– j centers inside the dendrimer. Therefore we assume that the line width of the “narrow” line increases when Gd ions
approach each other at the dendrimer surface or Gd-DTPA is approached
by other paramagnetic species. However, when strong interactions occur, spin–spin exchange interactions may lead to line-narrowing and
eventual spin annealing, which also decreases the spectral intensity. On
this basis, the line width of the Gd-narrow-signal depends on
the distribution of Gd-DTPA at the dendrimer surface (both internal and external), which, in turn, is affected by the type of
dendrimer (generation, core, and surface groups) and the struc-

(A) In the absence of the probes:
1. The line width of Gd-DTPA in solution is smaller than obtained for the Gd-dendrimers, since in the latter case the
Gd-DTPA ions are constrained at the dendrimer surface.
2. Gd-G4-NH2 shows the highest value of the line width.
This is due to both the high percentage of Gd-DTPA loaded
into this dendrimer (Table 1) and the packing (density) of
the dendrimer branches. Also, stronger interactions of the
Gd-complex with the amino groups with respect to the
tris groups may play a substantial role.
3. Gd-G4-tris shows a decreased line width with respect
to Gd-G4-NH2 , which is consistent with both, a lower
amount of Gd-DTPA (Table 1) and a lower packing of the
dendrimer branches.
4. The cys core decreases the packing of the branches and
therefore the line width decreases.
5. With the increase in generation (i) the packing of the
branches increases and (ii) the Gd-DTPA amount decreases
(Table 1). These effects provoke a small but not negligible
increase in line width from G2 to G6.
(B) In the presence of the probes Cu2+ and CATn:
1. Cu2+ signiﬁcantly interacts with the dendrimer internalexternal surface: the reference spectra of Cu2+ (dendrimer
solutions in the absence of Gd-DTPA) are described in
Supplementary material, also referring to previous litera-
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Scheme 2. Proposed mechanism of interaction.

ture [29–31]. However, in the presence of Gd-DTPA at the
dendrimer surface, the effects of Cu2+ are as follows:
a. The EPR spectra of Cu2+ become almost unrecordable. Only at the highest Cu(II) concentrations
(100 mM, which is comparable with an equimolar
amount of Gd-DTPA into Gd-G4-tris) the subtraction of the computed signal of Gd-DTPA allowed
to extract a broad signal of Cu(II) at low intensity. Probably, strong spin–spin interactions occur
between Cu and Gd, both internalized into the dendrimer and coming in contact to each other at the
dendrimer surface.
b. The intensity of the “broad” Gd-dendrimer lines
was reduced to 50% (by double integration of
the signal) by adding Cu(II) at a concentration of
30 mM and almost completely disappeared upon
addition of 100 mM of Cu2+ . The intensity of the
“narrow” Gd-dendrimer signal decreased to about
20–25%, upon addition of Cu2+ at concentrations of
30–100 mM, almost equivalent to that found with
the CAT1 probe, which is conﬁned at the dendrimer
external surface. This means that Cu2+ interacts directly with the fraction of Gd-DTPA in slow motion
conditions (“broad” signal), in the area at high packing of the dendrimer branches. The small available
space between the branches favors the approach of
the two oppositely charged ions with a consequent
spin annealing.
c. 1 mM solution of Cu2+ produced a small  H Gd
variation, mainly if compared with the variation in-

Fig. 2. Variation of the line width of the EPR spectrum of the Gd-G4-dendrimers in
the absence and in the presence of Cu2+ (30 mM).

duced by the same concentration of CATn. However,
increasing the Cu(II) concentration up to 30 mM
caused a decrease in the line width of the “narrow” line for all the Gd-dendrimers, as shown in Table 2 and in Fig. 2. This decrease could simply arise
from Cu(II) competition for the interaction with the
dendrimer surface leading to release of Gd-DTPA to
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unbound conditions. However, the contemporaneous disappearance of the EPR signals of the probes
supports the ﬁnding that fractions of Cu(II) and
Gd-DTPA are both hosted at the dendrimer internal/external surface, due to electrostatic attraction,
giving rise to strong spin–spin interactions.
d. As can be seen from Fig. 2, the variation of  H Gd
upon Cu(II) addition is not the same for all the dendrimers, being smaller for the Gd-G4-NH2 : in this
case the amount of bound Gd-DTPA is higher and
therefore a larger concentration of Cu2+ is needed
to obtain the decrease in the line width.
e. In the presence of large copper amounts (30–
100 mM),  H Gd decreases from G6 to G4, but then
increases from G4 to G2. This suggests that the copper perturbation is stronger at generation 4 than at
2 and 6, because a too high (G6) and too low (G2)
branch density does not favor the approaching of
Cu(II) to Gd-DTPA at the dendrimer surface.
2. The addition of the nitroxide probes causes a decrease in
 H Gd which is dependent on the strength of the binding
between the probe and the oppositely charged Gd-DTPA
localized at the dendrimer external surface: the stronger
the interaction (CAT12 > CAT1), the smaller the line
width. In this case too we cannot exclude that the CAT
probes force Gd-DTPA out from the dendrimer surface, but
we believe that the electrostatic interactions between the
oppositely charged CATn and Gd-DTPA prevail, leading to
spin–spin interactions (Heisenberg exchange interactions)
at the dendrimer surface. This result is shown schematically in Scheme 2a. However, for the nitroxide radicals,
Table 2 reports the line widths only for Gd-G4-NH2 , since
(a) the  H Gd trends of variation were the same for both
Cu(II) and the CATn probes with respect to the different Gd-dendrimers; (b) more detailed information are extracted from the analysis of the “radical point-of-view,” as
follows.
3.2. Radical point of view: Analysis of the spectra of the nitroxide
radicals in the Gd-dendrimer solutions
Nitroxide radicals such as the CATn probes (Scheme 1) are too
large to enter the dendrimer interior and are conﬁned to the
dendrimer external surface (Scheme 2b) [22,23]. Previous studies
have shown that weak ion-dipole interactions occur between the
CAT group and the amino groups at the surface of Gd-free dendrimers [23]. Hydrophobic interactions between the hydrophobic
CAT12 chain and the groups of low polarity in the dendrimer interior enhances the probe-dendrimer binding. In all cases, both in
the absence and in the presence of Gd-DTPA, the room temperature spectra of the nitroxide probes in the presence of dendrimers
were characteristic of fast motion conditions (correlation time for
the rotational diffusional motion, τc , < 1–2 ns), due to fast exchange of the probe between the dendrimer surface and the bulk
solution. The computer aided analysis (computation program by
Budil and Freed [32]) of the spectra provided the correlation time
for the rotational diffusional motion (perpendicular component),
τperp , and the intrinsic line width, termed  H . The g ii and A ii
components of the magnetic tensors for the coupling between the
electron spin and the magnetic ﬁeld and between the electron
and the nuclear spins, respectively, were the ones previously used
for the CATn probes in water solutions: g ii = 2.009, 2.006, 2.003;
A ii = 6G, 8G, 36G [33].
τperp obtained for CAT1 ranged from 30 ps for the probe solutions without the dendrimer to 60–70 ps for the CAT1 + den-

Table 3
Line width,  H CATn , extracted from the EPR spectra at 273 K of solutions of CAT1
and CAT12 (0.04 mM) in the absence and in the presence of the Gd-dendrimers and
the Gd-free dendrimers (indicated as “no Gd”). The parameters are reported for one
day equilibrated samples
Sample

 H CAT1 (G)a

 H CAT12 (G)

No dendrimer
–
Gd-G6-tris
No Gd-G4-tris
Gd-G4-tris
Gd-G2-tris
–
No Gd-G4-pyr
Gd-G4-pyr
–
No Gd-G4(cys)-tris
Gd-G4(cys)-tris
–
No Gd-G4-NH2
Gd-G4-NH2

2
–
4.6
1.8
4.2
7.6
–
1.8
4.2
–
1.8
3.7
–
1.7
3

2

a

3.6
1.95
3.5
6.5
1.9
3.7
1.9
3.2
2
3

Accuracy 2% for both the parameters.

drimer (Gd-free) solutions, whereas τperp for CAT12 ranged from
55 to 160 ps for CAT12 + dendrimer (Gd-free) solutions.
CAT12 interacts more strongly than CAT1 due to the synergy between hydrophilic (through the charged CAT12 heads) and
hydrophobic (via the CAT12 chains) interactions with the dendrimer surface. Analogous to previous studies of CAT12 and dendrimers [22], CAT12 chains are expected to partially penetrate
the dendrimer structure and anchor the probe to the dendrimer
(Scheme 2b). Moreover, the external nitrogen sites of G4-NH2
and G4-pyr (both Gd-free and Gd-dendrimers) bind the positively
charged CATn probes more strongly than the OH groups of the tris
surface (Scheme 2b). Finally, the larger cys core decreases the external branch density with respect to the EDA core, so that the
CATn probes are better hosted (more interacting) at the surface of
G4(cys)-tris with respect to G4-tris (Scheme 2b). These results are
consistent with the results obtained by means of Cu(II). However,
the accuracy in evaluating τperp strongly decreases when CAT1 and
CAT12 are interacting with Gd-dendrimers, due to a signiﬁcant increase in the line width,  H CATn .
Table 3 reports  H CATn in the absence and in the presence of
the dendrimers. First of all, a small but not negligible line narrowing was found by adding the Gd-free dendrimers to the CAT1
solutions: this means that this probe is located in a rheologically
modiﬁed-water environment which is like feeling a higher temperature or a less oxygenated medium. Line broadening occurs
when the radicals bind to the Gd-dendrimer surface due to electrostatic interactions between CATn and Gd-DTPA. For both CAT1 and
CAT12 there is less binding (and, consequently, lower line broadening) with Gd-G4-tris than with Gd-G6-tris and Gd-G2-tris. In the
case of G2, the open conformation increases the accessibility of
Gd-DTPA to the probe. In the case of G6, the high density of surface groups and branches favors the probe binding. This result is
sketched in Scheme 2c.
Fig. 3 shows the variation of the line width of the spectrum
of CAT12 (0.04 mM) as a function of the concentration of GdG4-NH2 (1 h equilibrated samples). The insert in the ﬁgure shows
some representative spectra of this system. It is interesting to note
that line broadening of the CAT12 spectrum depends linearly on
the concentration of the added Gd-dendrimer. This conﬁrms that
interactions (probably electrostatic) take place between the Gddendrimers and the probe. We cannot exclude that this broadening
arose from collisions of the species in solution driven by attraction
and/or diffusion. Indeed, similar, but 10% smaller, line broadening
was found by adding the CATn probes to Gd-DTPA solutions (without dendrimers).
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the τperp and  H parameters for the freshly prepared and the aged
(1 day) samples containing CAT12 and the Gd-dendrimers (the data
for Gd-G4-tris and Gd-G4-pyr are shown as examples). The spectra
of the aged samples are characterized not only by an intensity decrease, but also by lower line width and higher correlation time for
motion with respect to the freshly prepared samples. This means
that, after equilibration, a fraction of the EPR signal of the probe
was lost due to strong interactions of CAT12 with Gd-DTPA at the
dendrimer surface (strong spin–spin interactions). The remaining
probe molecules bind to the dendrimer surface at sites poorly affected by Gd-DTPA (weak spin–spin interactions).
The results by means of the radical probes are therefore in
agreement with those by means of Cu2+ , indicating that the GdDTPA distribution at the dendrimer surface depends on the dendrimer structure, such as the type of core, external surface and
generation and these properties modulate the interactions with
other molecules and ions.
4. Conclusions
Fig. 3. Variation of the line width of the EPR spectrum of CAT12 (0.04 mM, at 273 K)
as a function of the concentration of Gd-G4-NH2 . The insert in the ﬁgure shows
some representative spectra of this system at [Gd-G4-NH2 ] = 6, 30, and 60 mM.

Fig. 4. Variation over time after sample preparation of the relative intensity of the
EPR signal of CAT12 in solution (0.04 mM) in the presence of Gd-G4-NH2 . The
insert in the ﬁgure compares the τperp (CAT12) and  H CAT12 parameters for the
freshly prepared and the aged (1 day) samples containing CAT12 and Gd-G4-tris
or Gd-G4-pyr.

In addition, the intensity of the CATn spectra decreases upon interaction of the probes with the Gd-dendrimers. This variation was
mainly found for CAT12 and it was absent when the CATn probes
were added to Gd-DTPA (no dendrimer) solutions. Therefore this
intensity variation occurs at the dendrimer surface. Moreover, the
decrease in intensity is time dependent. We veriﬁed that a oneday equilibration of a solution of dendrimer and probe favors the
interaction of the probe with Gd-DTPA. Fig. 4 shows the variation
over time of the relative intensity of the EPR signal of CAT12 in the
presence of Gd-G4-NH2 . The intensity was calculated by double integration of the three hyperﬁne peaks of the CAT12 EPR spectrum
and then “normalized” (divided by) with the intensity (over time)
when Gd is absent. A fast equilibration occurs in the ﬁrst minutes
after the preparation of the samples and then, even after 120 h,
the signal intensity slowly decreases due to strong exchange interactions between CAT12 and Gd-DTPA. The insert in Fig. 4 compares

PAMAM dendrimers carrying Gd-DTPA complex are of interest
as promising MRI contrast agents. In order to obtain information
on the structure and dynamics of Gd-DTPA in dendrimer systems,
we analyzed by means of EPR various Gd-dendrimers differing in
the multifunctional core (EDA and cys), in the generation (G2, G4,
and G6), and in the surface functionality (amino, pyr, and tris), in
the absence and in the presence of selected paramagnetic probes,
such as nitroxide radicals and Cu(II) ions. From a computer aided
analysis, the EPR spectra of Gd-DTPA, the Gd-dendrimers, and the
paramagnetic probes, in the absence and in the presence of the
Gd-dendrimers, provided parameters that revealed the distribution
of the Gd complex at the surface of the different dendrimers and
the type and extent of the interactions between the probes and
the dendrimers. The information obtained is summarized as follows and shown schematically in Scheme 2:
1. Gd-DTPA distributed at the internal and external surface of the
dendrimers (Scheme 2a).
2. The decrease in the Gd-DTPA concentration at the dendrimer
surface was monitored by the decrease in the line width of
the Gd-signal, being the highest for Gd-G4-NH2 . The tris surface decreases the packing of the dendrimer branches, as such
as the cys core, and therefore the Gd-line width decreases.
Conversely, by increasing generation, the packing and, consequently, the line width increase.
3. The electrostatic binding of positively charged paramagnetic
probes with the Gd-dendrimers at the Gd-DTPA sites leads
to spin–spin exchange or dipolar interactions between Gd and
the added probes: strong interactions causes a decrease in the
signal intensity, whereas weak spin–spin interactions lead to
line broadening of the probe signal. The positively charged
surfactant CAT12 also anchors the chain into the dendrimer
structure (Scheme 2b).
4. The binding strength of the probes to Gd-dendrimers is affected by the external surface functionalities and by the type
of core: it decreases in the order NH2 > pyr > tris. The
cys core enhances the binding of the probes due to the less
packed structure of the dendrimers with respect to the EDA
core (Scheme 2b).
5. The Gd-DTPA—radical spin–spin interactions increase with the
decrease in generation from 4 to 2 (more open dendrimer
structure at generation 2: Scheme 2c), and, linearly, with the
increase in the Gd-dendrimer concentration.
6. A fast equilibration of the probe + dendrimer system occurs
in the ﬁrst minutes after sample preparation, but then the
relative distribution and location of the probes in respect of
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Gd-DTPA slowly continue to change and only after two days
does the system show no further variations in the EPR line
shape.
7. The Cu(II) EPR signal is almost undetectable in the Gddendrimers solutions due to Cu–Gd-DTPA spin–spin exchange
coupling (Scheme 2d). The line width of the Gd-DTPA signal
is modiﬁed as a function of the copper concentration and
the interacting ability between Cu(II) and the Gd-dendrimer
sites (electrostatic interactions between Gd-DTPA and Cu2+ ).
These interactions are modulated by the type of core, the external surface functionalization and the dendrimer generation,
as such as for the CATn probes.
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