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The synthesis and characterization of gold nanoparticles coated with Gd-chelate (Au@GdL), where L is a
conjugate of DTPA and cysteine, is described. These particles are obtained by the replacement of citrate
from the gold nanoparticle surfaces with gadolinium chelate (GdL). The average size of Au@GdL is 14 nm
with a loading of GdL reaching up to 2.9 � 103 per particles, and they demonstrate very high R1 relaxivity
(�105 mM�1 s�1) as well as X-ray attenuation. The R1 relaxivity per [Gd] is 17.9 mM�1 s�1. The present
system also exhibits macrophage-specific property, as demonstrated by histological and TEM images
as well as CT and MR, rendering itself as a new class of T1 multimodal CT/MR contrast agent.

� 2010 Elsevier Ltd. All rights reserved.
MRI is a popular technique in that it has a good soft tissue con-
trast and high spatial resolution (micrometer rather than several
millimeters) with non-invasive in vivo visualization. Paramagnetic
Gd-chelates are the most widely administered contrast agent (CA)
to improve the contrast in the MR image by shortening the T1-
relaxation times of the water proton.1 Recently, in an effort to de-
sign more effective Gd-based T1 MRI CAs, a new approach leading
to the formation of gadolinium nanoparticles (GdNPs) has been
developed, since their relaxivities are much higher than those of
clinically approved Gd-chelates.2 A representative example in-
cludes water-soluble apoferritin-encapsulated GdNPs with T1
and T2 relaxivities much higher than those of classic Gd(III)-com-
plexes (10–25 and 70 times, respectively).3 Another recent effort
has been directed toward the development of multifunctional
imaging modalities such as PET/CT, SPECT/CT, MRI/PET, and MRI/
optical.4 Along with this effort, various paramagnetic nanomateri-
als with multifunctional modality have also emerged. For instance,
hybrid nanoparticles consisting of Gd2O(CO3)2�H2O/silica/gold and
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gold nanoparticles coated with GdL have been reported as bifunc-
tional agents for MRI/photothermal destruction of cancer cells.5

In contrast to the availability of such diverse multifunctional
imaging modalities as mentioned above, MR/CT bimodality has
rarely been explored although the two techniques are separately
applied to the same patient to improve the accuracy of diagnosis
or assess the efficacy of treatment routines. CT, which is one of
the most useful diagnostic tools in terms of frequency of use and
cost, has high spatial resolution and good hard tissue contrast. Cur-
rent CAs for CT are based on iodinated small molecules because,
among nonmetal atoms, iodine has a high X-ray absorption
coefficient.6

Iodinated compounds, however, allow only very short imaging
times due to rapid clearance by the kidney, which can also cause
them to have renal toxicity. In this regard, it is worth noting that
novel nanoparticle-based CT CAs has recently emerged to over-
come the shortcomings of iodine-based agents. Gold nanoparticles
(AuNPs), for instance, have demonstrated a great potential as an
excellent substitute for iodine.7 The employment of AuNPs in CT
offer some unique advantages in that gold has a higher X-ray
absorption coefficient than iodine (5.16 and 1.94 cm2/g, respec-
tively, at 100 keV) and at the same time biocompatible and
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nontoxic in vivo. Furthermore, an additional advantage of AuNPs
comes from the fact that facile surface modification may lead to
the formation of various functionalities applicable to multiple
imaging modalities such as MRI/CT.

In this regard, it is worth to note that Roux has recently demon-
strated for the first time that AuNPs coated with paramagnetic
Gd(DTDTPA), Au@Gd(DTDTPA), is an attractive bimodal MRI/CT
CA.8 The study reveals that Au@Gd(DTDTPA) may be in many re-
spects a substitute for commercially available, low molecular
weight Gd(III)-based MRI CAs. For example, R1 relaxivity of
Au@Gd(DTDTPA) is nearly the same as that of Omniscan� to give
3.90 mM�1 s�1, and its size is small enough (2–2.5 nm) to freely
circulate in the blood vessels without being accumulated in the or-
gans such as lungs, spleen, and liver.

Yet, considering the fact that most of MRI CAs currently on the
market are extracellular and non-specific with low relaxivities,
development of bimodal MRI/CT CAs with high relaxivity as well
as organ specificity is highly desirable. Intrigued by the work of
Roux and motivated by our continued effort to develop a new class
of bifunctional MRI/CT CAs,9 herein we report the synthesis and
in vivo application of AuNPs coated with Gd-complex of DTPA-bi-
s(amide) conjugate of cysteine, Au@GdL.

The final product Au@GdL was prepared according to the meth-
od described elsewhere with a slight modification (Scheme 1).10

The ligand (L), a conjugate of DTPA with cysteine, was prepared
straightforwardly from the reaction of DTPA-bis(anhydride) with
2 equiv of cysteine in DMF at 80 �C for 6 h. The subsequent reaction
of L with Gd2O3 in water under reflux led to the formation of GdL as
a white solid. The coating of AuNPs with GdL was accomplished by
direct addition of an aqueous solution of GdL to a solution of cit-
rate-coated AuNPs with a size of �12 nm. Stirring was continued
for 24 h before Au@GdL nanoparticles were collected by centrifu-
gation and washed successively with water, acetone, and ether.

The formation of GdL as [Gd(L)(H2O)]�xH2O and Au@GdL was
confirmed by analytical and spectroscopic techniques. The MAL-
Scheme
DI-TOF mass spectrum exhibits the molecular peak at 783 Da cor-
responding to [M]+�H2O (Fig. S1, Supplementary data). Figure 1(A)
shows the TEM image of well-dispersed spherical particles of
Au@GdL. The particles have a mean size of 14 nm with a narrow
size distribution. Figure 1(B) shows the powder X-ray diffraction
pattern typical for AuNPs. Namely, the peaks at 38.2�, 44.4�,
64.5�, 77.5�, and 81.7� correspond to the planes of (1 1 1), (2 0 0),
(2 2 0), (3 1 1), and (2 2 2), respectively.11

The visible absorption spectrum shows a band at ca. 540 nm
corresponding to the excitation of surface plasmon vibrations of
mono-dispersed gold nanoparticles confirming the formation of
AuNPs (Fig. S2).12

GdL may bind to AuNPs in various modes as illustrated in
Scheme 1 as thiols in GdL may undergo air-oxidation to form disul-
fide bonds. The same observation has also been reported with anal-
ogous Au@Gd(DTDTPA).8 The binding of GdL to the AuNPs surface
can be confirmed by FT-IR (Fig. S3). The S–H stretching band at
2550 cm�1 in GdL (curve a) is absent by the formation of Au@GdL
(curve b). Other conspicuous change found in the IR spectrum of
Au@GdL is that the bands in the range of 1500–2000 cm�1 are re-
duced in intensity. A probable implication is that the carboxylic
groups in GdL may also be involved in the binding to the gold
surface.13

The concentration of gadolinium as well as the number of GdLs
per AuNP was determined by inductively coupled plasma mass
spectrometry (ICP-MS) for Gd and Au following the procedure re-
ported earlier.14 Namely, determination of the gold concentration
followed by theoretical calculation based on the average size of
14 nm reveals the total number of GdLs per AuNP to be about
2.9 � 103. A further confirmation of such a high loading of GdL
comes from the TGA results which show the weight loss of 5.6%
in the temperature range 100–800 �C, corresponding to the decom-
position of the organic ligand (Fig. S4). This value matches well
with the total number of GdLs per nanoparticle calculated based
on the ICP data. Such a number of GdLs per AuNP is extremely high
1.



Figure 1. Characterization of Au@GdL: (A) TEM images and (B) powder X-ray diffraction pattern.

Figure 3. In vivo X-ray attenuation profiles as a function of time from mice.
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and almost 20-times as high as those found with analogous sys-
tems.8 Higher degree of oligomerization of thiols in L may be a par-
tial explanation for such a high loading of gadolinium. The zeta
potential of AuGdL is �41.03 mV at pH 6.0 in water (Fig. S5), and
negatively large enough to ensure a colloidal stability.

Figure 2 shows plots of in vitro X-ray attenuation of Au@GdL,
Au@L, and Ultravist� as a function of concentration. As expected,
both Au@GdL and Au@L exhibit higher attenuation than Ultravist�,
a clinically used iodine-based CT CA; the differences become great-
er as the concentration increases. For instance, at the concentration
of 200 mM, both nanoplatforms show the attenuation almost three
times as high as that of Ultravist�. When the comparison is made
between Au@GdL and Au@L, the former shows the higher attenu-
ation, demonstrating a synergistic effect of gadolinium. The coher-
ent in vivo data are provided in Figure S6. Quantitatively, an extra
contrast enhancement of about 15% seems to be contributed by
2 wt% of gadolinium immobilized on AuNPs. It is well known that
gadolinium, although possessing a lower X-ray absorption coeffi-
cient (3.11 cm2/g at 100 keV) than gold, exhibits much stronger
absorption than iodine.15 These observations clearly indicate that
Au@GdL may be employed in vivo as a highly efficient CT agent.

Figures 3 and 4 show in vivo CT images and X-ray attenuation
profiles, respectively, of mice obtained with Au@GdL. A dose of
1.75 mmol [Au]/kg body weight was injected to the tail vein of
mice and the images monitored up to 360 min after injection. All
organs show clear contrast enhancement with Au@GdL, and the
most dramatic enhancement is observed in the liver. These obser-
Figure 2. Plots of in vitro X-ray attenuation (in HU) as a function of concentration
of gold or iodine and phantom images at 500 mM.
vations are the ones that can be typically expected for AuNPs with
the size of 10–13 nm.16 Figure 3 shows the maximum attenuation
in the liver to reach up to five-times as high as that of pre-injection
and sustain in the same level as long as 6 h after injection. It is
likely that the majority of Au@GdL may have accumulated in the
Kupffer cells of the liver although some have accumulated in kid-
ney and spleen as a result of glomerular filtration function and
macrophage activity, respectively.17

Here it is worth noting that Au@GdL is in a striking contrast
with Au@Gd(DTDTPA) in that the latter exhibits dominant kidney
enhancement.8 These differences including the improved bio-dis-
tribution pattern with Au@GdL may be explained in terms of the
difference in the mean particle size; that is, Au@Gd(DTDTPA) is
too small (�2.4 nm) to possess multi-organ specificity, and there-
fore excreted mostly through kidney. The bio-distribution pattern
characteristic of Au@Gd(DTDTPA) is the same as that of conven-
tional iodine-based CT CAs. Undesirable accumulation in the organ
may be considered as one of advantages of Au@Gd(DTDTPA), yet it
could constitute a handicap in that little diagnostic information
may be obtained due to too rapid pharmacokinetics. Au@GdL, on
the other hand, is large enough (14 nm) to be taken up by Kupffer
cells of the liver, and yet at the same time small enough to be fil-
tered by kidney. This size has further implication on the blood-pool
effect of Au@GdL as observed in connection with MRI (vide infra).

The accumulation of Au@GdL in Kupffer cells can be further
demonstrated by both histological and TEM images provided in
Figure 5(A) and (B), respectively.



Figure 4. In vivo CT coronal images of mice injected with Au@GdL: H, heart; L,
liver; B, bladder (up), axial images of liver (middle), and coronal images of kidney
(down).

Table 1
Relaxivitya data of Au@GdL

CA (mM) R1 (mM�1s�1) R2 (mM�1s�1)

Omniscan� 3.30 ± 0.02 3.8 ± 0.06
GdL 7.5 ± 0.08 12.3 ± 0.21
Au@GdL: [Gd] 17.9 ± 1.1 28.2 ± 1.0
Au@GdL: [AuNP] 4.6 � 105 7.2 � 105

a Relaxivity measured at 293 K and 1.5 T.
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Table 1 lists R1 relaxivity data for Omniscan�, GdL, and Au@GdL
measured at 293 K and 1.5 T. The R1 relaxivity of GdL is twice as
high as that of Omniscan�, probably due to higher molecular
weight of GdL. The same R1 relaxivity increases dramatically up
Figure 5. Histological (magnification: 400�) (A) and TEM (magnification: 5000�) (B) im
TEM image shows Au@GdL entrapped in lysosomes.
to 17.9 mM�1 s�1 by the formation of Au@GdL. This observation
is quite remarkable in that such a huge increase is not observed
with the related nanosystem, Au@Gd (DTDTPA).8a,b When calcu-
lated in terms of the AuNP concentration, the molecular R1 relax-
ivity is 4.6 � 105. This value is exceptionally high in a system
where paramagnetic GdL is immobilized on a solid support, and
compares well with those of a hybrid nanoparticle system having
multiple layers of Gd–DTTA.18 Such a high relaxivity demonstrated
by Au@GdL may partially be rationalized in terms of slower tum-
bling motion of GdL on AuNPs due to the formation of rigid oligo-
meric framework resulted from disulfide bonds (cf. Scheme 1).

Figure 6 shows in vivo MR coronal images of mice obtained
with Au@GdL. A dose of 0.03 mmol [Gd]/kg body weight was
administrated via the tail vein and the images monitored up to
240 min after injection. Here again, in line with the observations
made with CT images, a strong signal enhancement specifically
in the liver is seen with Au@GdL. An additional point to highlight
in connection with Au@GdL is the prolonged high signal enhance-
ment of abdominal aorta with its long-circulating blood-pool ef-
fect. AuNPs with the size of approximately 15 nm are known to
exhibit notable ability of recirculation and consequently higher
concentration in blood for a longer period than their counterparts
with larger sizes (�50–160 nm).17a

This is for the first time that T1 MRI CA such as Au@GdL exhibit
such high accumulation in the liver in a similar way as ultra-small
superparamagnetic iron oxide (USPIO), a well known liver-specific
T2 MRI CA.19

The cytotoxicity assay was performed with Au@GdL using 14D
Chick cornea stroma primary cells and NIH-3T3 mouse embryonic
fibroblast cells. Figure S7 shows no obvious decrease of cell viabil-
ity when the cells are exposed for 24 h in the concentration range
of 10–1000 lM of Au@GdL. The relative cell viability increases
with an increase in the concentration of Au@GdL. The observation
such as this has already been reported in the literature.20 Such a
seemingly odd behavior may be explained in terms of cell prolifer-
ages of Kupffer cells of mouse liver after intravenous administration of Au@GdL. The



Figure 6. In vivo MR coronal images of mice obtained with Au@GdL: H, heart; L, liver; K, kidney; A, abdominal aorta; B, bladder.
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ation stimulated by Au@GdL in the given concentration range.21

The MTT results demonstrate that Au@GdL has very low cytotoxic-
ity to be used for practical application.

We have described the synthesis of gold nanoparticles coated
with Gd-chelate, Au@GdL, where L is a conjugate of DTPA and cys-
teine, for use as a potential bimodal CT/MR contrast agent. Charac-
terization of these particles by HRTEM, XRD, TGA, and ICP reveals
that the size of Au@GdL is 14 nm with the loading of GdL on AuNPs
reaching up to 2.9 � 103 GdL per AuNP. Extremely high molecular
R1 relaxivity (�105 mM�1 s�1) as well as X-ray attenuation has
been accomplished with Au@GdL. The R1 relaxivity per [Gd] is as
high as 17.9 mM�1 s�1. A synergistic effect of gadolinium in
Au@GdL on X-ray attenuation has been confirmed. Most signifi-
cantly, the macrophage-specific nature of Au@GdL is demonstrated
as documented by in vivo MR, CT, and histological and TEM images.
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