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Abstract
The synthesis of gold nanoparticles functionalized 
by gadolinium chelates constitutes an attractive way 
for combining imaging and therapy. The presence of 
gadolinium chelates allows monitoring their 
biodistribution after intravenous injection in small 
animals by magnetic resonance imaging (MRI) while 
the gold core strongly absorbs the X-ray photons. 
This feature is exploited for X-ray imaging but also 
for radiotherapy.

Introduction

One of the most promising applications of nanosized gold 
objects lies in their ability to combine imaging and therapy. 
Two main strategies were developed for designing gold 
particles that can be used for imaging and destroying tumors. 
The first one results from the properties of gold element 
whereas the second one rests on the tuneable optical 
properties of gold particles. Gold particles are indeed 
characterized by strong light diffusion and absorption cross 
sections which are sensitive to the size, the shape and the 
dielectric environment [1,2]. Thus, these particles act as novel 
contrast agents for optical detection due to their enhanced 
scattering. Moreover their use for photothermal therapy can 
be envisaged since the strongly absorbed radiation is 
efficiently converted into heat. For instance, Drezek et al. 
demonstrated that silica cores (diameter: 120 nm) embedded 
in a thin gold layer (thickness: 10 nm) behaves both as 
contrast and therapeutic agents when NIR radiation is used 
[3]. Similar behavior was observed by El-Sayed et al. with gold 
nanorods [4]. Due to the weak depth penetration of NIR light, 
the application of these particles for in vivo imaging and 
therapy of cancer is restricted to superficial treatment. 
Despite these convincing proof-of-concept experiments, the 
biomedical applications of these particles are likely to be 
impeded by their large size since it was demonstrated that 
the free circulation without undesirable non-specific 
accumulation and the renal elimination of the particles  
which are prerequisites for the delivery of contrast agents 
and drugs by intravenous injection is observed only for 
ultrasmall particles (hydrodynamic diameter < 5 nm) [5]. 
Unfortunately the reduction of the size of these objects  
does not allow overcoming this hurdle because  
it is accompanied by a blue shift of the radiation  
which is used for inducing the photothermal effect.  
This is detrimental for biomedical applications because  
the penetration depth of short wavelength of visible light is 
very weak.

The second strategy explored for combining imaging and 
therapy with gold particles is based on the strong X-ray 
absorption cross section due to the high Z of gold element. 
The work done by Hainfeld et al. showed that 1.9 nm sized 
gold nanoparticles can be followed up with X-ray imaging 
techniques in blood pool after intravenous injection to mice 
with a tumor in legs [6,7]. Due to a higher vascularization 
than the surrounding tissue, the amount of contrast agents 
was therefore more important in the tumor which can be 
more clearly delineated. Pharmacokinetic studies confirmed 
that gold nanoparticles preferentially located in the tumor 
since the tumor-to-normal tissue gold ratio was about 8:1. 
This preferential localization is a key parameter for significant 
high-Z radioenhancement since the survival of tumor bearing 
mice was greatly more lengthened when they were treated 
both with gold nanoparticles and X-ray radiation. The 
preferential delivery of high content of gold nanoparticles to 
the tumor improves the X-ray therapy owing to the 
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Experimental section

Chemicals 
Reagents were purchased from Aldrich. Organic solvents 
(reagent grade) were purchased from SDS and used as 
received. For the preparation of an aqueous solution and  
for the rinsing of gold nanoparticles, only milli-Q water  
(ρ > 18 MΩ) was used. The filtration of gold nanoparticles was 
performed on polymer membrane of 0.22 μm pore diameter 
purchased from Osmonics Inc.

Functionalized gold nanoparticles preparation
The synthesis, described by Brust et al., consists in reducing 
HAuCl

4
,3 H

2
O by NaBH

4
 in presence of thiols (stabilizers) 

which, by adsorption on growing particles, ensure the control 
of the size and the stability of the colloid [11]. The synthesis 
of gold nanoparticles coated by gadolinium chelates  
requires the use of molecules which are able both to strongly 
interact with the surface of gold nanoparticles and to 
coordinate paramagnetic gadolinium (Gd3+) ions. Since 
diethylenetriaminepentaacetic acid (DTPA) is an efficient 
ligand for the preparation of gadolinium chelates (DTPA-Gd), 
a dithiolated derivative of DTPA (DTDTPA) was synthesized 
from diethylenetriaminepentaacetic acid dianhydride  
(DTPA-DA) (Figure 1) [8].

For a typical preparation of gold particles, 200 mg (51x10-5 
mol) of HAuCl

4
,3 H

2
O, dissolved in 60 mL methanol were 

radioenhancement assigned to gold element. This  
pioneering work has opened the door to the biomedical 
application of ultrasmall gold nanoparticles since they 
combine in vivo X-ray imaging with X-ray therapy. Before  
they are applied in clinical protocol to human patients,  
these particles constitute an excellent tool for  
monitoring therapeutic protocol in small animals from the 
injection to the renal elimination via the ablation  
of the tumor. However X-ray imaging is not completely 
harmless for envisaging a long-term biodistribution study 
without interference with radiotherapy. Moreover this 
technique suffers of a low sensitivity.

In order to circumvent this problem, the use of gold 
nanoparticles designed for magnetic resonance imaging was 
proposed [8,9]. Magnetic resonance imaging (MRI)  
is a powerful non-invasive technique for establishing in real 
time a 3D cartography of living bodies with a high resolution. 
The contrast of the resulting images can be enhanced by the 
injection of paramagnetic or superparamagnetic agents [10]. 
Paramagnetic agents (Gd3+ containing compounds) induce a 
positive contrast (i.e. their presence is detected by bright 
zones) whereas a negative contrast (i.e. darkening) occurs 
when superparamagnetic compounds, which are essentially 
iron oxide nanocrystals, are used. We previously demonstrated 
that ultrasmall gold nanoparticles (diameter 2.4 nm) can 
enhance the contrast of MRI images if they are functionalized 
by gadolinium chelates [8,9].

Figure 1 
Chemical formulae of DTPA, DTPA-DA and DTDTPA. Synthesis of DTDTPA and of Au@DTDTPA. (a) Colloidal solution of Au@DTDTPA after purification  

([Au] = 50.7 mM, i.e. 10 g Au L-1). (b) Transmission electron micrograph of Au@DTDTPA nanoparticles
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to selectively color dead cells blue (and are shown as a 
distinctive blue color under a microscope), since in live cells, 
with intact cell membranes, Trypan blue is not absorbed. 
Cells were counted in Malassez counting cell using an inverted 
fluorescent microscope.

Anesthesia
The male Fisher 344 rats (180-280 g at arrival, Charles River, 
L’Arbresle, France) were anesthetized with a first 4% isoflurane 
inhalation shot followed by an intraperitoneal injection of a 
mixture of ketamine (64.5 mg/kg) and xylazine (5.4 mg/kg), 
twice (implantation, irradiation).

Intracerebral models in rat brain 
The 9L gliosarcoma cell line [12] was established by Benda et 
al. [13]. Cells were grown with complete medium at 37°C. 
After anesthesia, the rats were placed on a stereotactic  
head holder (model 900, David Kopf Instruments,  
Tujunga, USA). At D0, 104 cells were suspended into 1 µl 
DMEM with antibiotics (1%) then injected using a  
1 µL Hamilton syringe through a burr hole in the right caudate 
nucleus (9 mm anterior to the ear-bars i.e. at bregma site, 3.5 
mm lateral to the midline, 5.5 mm depth from the skull) 
[14,15]. All delays expressed in the manuscript are post-
implantation. All operative procedures related to animal care 
strictly conformed to the Guidelines of the French Government 
with licenses 380324/380456 and A3818510002 and were 
reviewed by the Comité d’Ethique Régional Rhône-Alpes.

T
1
 measurements and MR imaging 

T
1
 measurements and MR imaging were performed at 7T 

using an inversion recovery FLASH (IR-FLASH) imaging 
sequence with varying IR time (Biospec System 70/20,  
Brucker, Ettlingen, Germany). T

1
-weighted contrast 

enhancement was controlled running a standard Spin-Echo 
(SE) sequence with 500 ms TR and 12 ms TE. For in vivo 
imaging, anaesthesia was induced with 1.8-2% isoflurane  
and maintained with 1.4-1.6% isoflurane in a mixture of  
O

2
/N

2
 (25/75%). 

Synchrotron Radiation Computed Tomography
(SRCT) imaging 
SRCT images of phantoms containing Au@DTDTPA at various 
gold concentrations and in vivo imaging were performed via 
the biomedical beamline ID17 from the European Synchrotron 
Radiation Facility (Grenoble, France). The SRCT images were 
obtained by positioning the center of the sample in the 
convergence point of two beams bracketing the gold K edge 
energy (80.7 keV). After they crossed at the center of the 
sample (they can be considered as superimposed over the 
whole sample width), these beams diverged to match two 
distinct lines on the detector, allowing the simultaneous 
acquisition of attenuation profiles at 80.5 keV and 80.9 keV 
(below and above the gold K-edge, respectively). From the 
logarithmic subtraction of the attenuation profiles acquired 
simultaneously at two energies above and below the gold  

placed in a 250 mL round bottom flask. 256 mg (50x10-5 
mol) of DTDTPA in 40 mL of water and 2 mL of acetic acid 
were added to the gold salt solution under stirring. The 
mixture turned from yellow to orange. After  
5 minutes, 185 mg (489x10-5 mol) of NaBH

4
 dissolved in  

14 mL water were added to the orange mixture under 
vigorous stirring at room temperature. At the beginning of 
the NaBH

4
 addition, the solution became first dark brown 

then a black floculate appeared.
The vigorous stirring was maintained for 1h before adding 5 

mL of 1M aqueous hydrochloric acid solution. After the partial 
removal of the solvent under reduced pressure and at maximum 
40°C, the precipitate was filtered on a polymer membrane, 
washed thoroughly and successively with 0.01N HCl, water and 
diethyl ether. The resulting black powder (Au@DTDTPA) was 
dried and stocked in the solid state or dispersed in 10 mL of 
0.01M NaOH solution (up to 300 mg of dry powder).

Complexation of Gd3+ with Au@DTDTPA 
Gd3+ complexation is carried out through the addition of 
GdCl

3
 on Au@DTDTPA colloidal solution under stirring at room 

temperature. The quantity of Gd3+ is monitored by colorimetric 
titration with xylenol orange.

Cell line culture and labeling 
The human cervix carcinoma HeLa cell line were grown in 
DMEM (Dulbecco’s Modified Eagle’s Medium) from Invitrogen/
GibcoBRL (Cergy Pontoise, France) supplemented with 10% 
foetal calf serum (FCS), from Dutscher (Brumath, France), 1 
mg/ml Fungizone and 50 u/ml Penicillin / Streptomycin, in 
standard cell culture conditions (37°C, 5% CO

2
, 95% 

humidity).
After 2 days of cell culture, HeLa cells, seeded with a cell 

suspension concentration of 7.5x104 cells/ml in Petri dishes, 
were incubated for 1 hour within the buffered solution of 
incubation containing Au@DTDTPA or Au@DTDTPA-Gd

50
. 

Negative control was represented by buffered sucrose 
solution containing 250 mM sucrose.

Splenocytes extraction and labeling
Spleen lymphocytes were isolated from fresh spleen obtained 
from euthanasiated mice. Briefly, spleens were mechanically 
homogenized in RPMI medium, filtered (30 mm nylon mesh) 
and washed in RPMI. Red cells were depleted by incubating 
the spleen cell suspension for 5 min at room temperature, 
with NH

4
Cl-HCl lysis buffer, for 5 min at room temperature.

Ice-cold RPMI was added immediately after lysis time to 
the cell suspensions. Cells were pelleted (1100 rpm; 4°C; 5 
min) and the cell pellets were resuspended, washed and 
centrifuged twice in ice-cold RPMI. The final pellets were 
resuspended in buffered solution of incubation as previously 
described.

Cellular viability measurement 
Splenocytes and HeLa cells viability was evaluated through 
the trypan blue dye exclusion method. This vital stain is used 



Gold Bulletin 2008 • 41/2 93

K-edge, accurate absolute gold concentrations can be 
determined. This method has been described elsewhere 
[16,17]. The injections and the imaging experiments were 
carried out on rats which were anesthetized by intraperitoneal 
injection of a mixture of xylazine/ketamine.

Synchrotron based Microbeam Radiation Therapy 
(MRT) 
At the ESRF, one beamline has been dedicated to biomedical 
research and is described elsewhere [16]. The X-ray flux 
delivered by the ESRF storage ring exceeds the flux of a 
tungsten-anode x-ray tube by 5 orders of magnitude. 

The present MRT study uses a white beam spectrum with 
its maximum intensity at 83 keV (mean energy = 100 keV, 
critical energy = 33 keV) filtered by Be: 0.5 mm, vitreous 
carbon: 1.42 mm, Al: 1.52 mm, Cu: 1.04 mm (to avoid the 
presence of low penetrating X-rays). Fourteen days after the 
tumor implantation, the rats were placed perpendicularly to 
the beam (for unidirectional irradiation and for the first 
irradiation of the cross firing geometry), and on the beam 
track (in antero-posterior mode for the other direction in 
cross firing mode). The skin entrance dose delivered was 

~460 Gy in a single exposure. The field of irradiation was  
11 mm high and 10 mm wide, centered on the tumor, with a 
1 mm overlap with air at the top of the skull. It contained 51 
microbeams characterized by an average width of 25 µm 
and a center to center spacing of microbeams equal to  
200 µm as described earlier [18]. The rats were irradiated in 
cross fired mode first in lateral position from right to left, 
second in antero-posterior position.

Experimental groups 
As plotted in Table 1, 6 rats were used as non irradiated 
controls.  Other rats received Au@DTDTPA-Gd delivered to 
the rats (n=8) by intravenous injection (1.4 mL, [Au] = 50.7 
mM and [Gd] = 5 mM) in a tail vein and were exposed to the 
microbeam radiation (vide supra). 

Survival analysis and follow up 
The clinical status of the rats was checked 3 times per week. 
The relative average body weight (RAW, i.e. average at day D 
minus average weight at D0) of each rat was plotted versus 
time. At later tumor stage, rats were euthanized by intra-
cardiac injection of pentobarbital sodium (150 mg.kg-1) less 
than 1 day before their anticipated death as judged by clinical 
signs. Some of them were found dead. The time between 
implantation and death was recorded as survival time (one 
day was added for euthanized rats). The mean survival time 
(MST) and the median survival time (MeST) were calculated 
for each group and Kaplan Meier survival data were plotted 
versus time after tumor implantation.

Results and discussion

These particles were synthesized by reducing the gold salt 
with NaBH

4
 in presence of a dithiolated derivative of DTPA 

(DTDTPA) (Figure 1). The resulting particles are easily dispersed 
in aqueous solution (Figure 1a) up to 15 g Au L-1 and have an 
average size of 2.4 nm (Figure 1b). In addition to control the 
particle growth, DTDTPA molecules established a network 
strongly anchored on the gold nanoparticles (Au@DTDTPA) 
since it was previously demonstrated that a part of DTDTPA is 
directly tethered to the gold surface thanks to one or two 
thiol ends. The second thiol group allows the coupling with 
DTDTPA molecules which were not directly anchored to the 
gold surface via disulfide bounds. As a result, gold core is 
embedded in a multilayered shell of DTDTPA ligands [8]. The 
presence of DTDTPA network on the particles confers a high 
colloidal stability in biological media and allows the 
immobilization of Gd3+ ions (until 150 per particle) in the 
organic shell. However the immobilization of Gd3+ ions in the 
negatively charged DTDTPA shell induces a decrease of  
ξ-potential which is detrimental for the colloidal stability 
(Figure 2). When there are 150 Gd3+ ions per particle  
(Au@DTDTPA-Gd

150
), colloidal stability is only observed  

for gold content smaller than 1 g.L-1. The negative charge  
of Au@DTDTPA-Gd

150
 is indeed not sufficiently high  

(ξ-potential = -7 mV) for avoiding the agglomeration of the 
particles. The presence of 50 Gd3+ ions in the organic shell of 
each nanoparticle (Au@DTDTPA-Gd

50
) constitutes a good 

compromise since ξ-potential is sufficiently high (-25 mV) for 
ensuring colloidal stability over several weeks for gold content 
higher than 10 g.L-1. Moreover Au@DTDTPA-Gd

50
 colloid with 

a gold content of 10 g.L-1 contains more Gd3+ ions (5 mM) 
than Au@DTDTPA-Gd

150
 colloid whose stability requires that 

gold content does not exceed 1 g.L-1 (i.e. [Gd3+] < 2 mM). 

Figure 2 
Evolution of the ξ-potential of Au@DTDTPA-Gd versus the number of Gd3+ 

per particle
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	 Series	  n 	 MST days	 MeST days

	 Control group	 6	 17.66 ±0.33	 17.5

	 Au@DTDTPA-Gd
50

  
	 + irradiation	 8	 33.25 ± 11.75	 27.5

Table 1
Survival results for non treated rats (control group) and for treated rats 

(irradiation 20 minutes after the intravenous injection of Au@DTDTPA-

Gd
50

 (n = 8, V = 1.4 mL, [Au] = 50.7 mM, i.e. 10 g Au L-1, [Gd] = 5.00 mM))
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Since they ally a high gold and gadolinium content and 
colloidal stability over several weeks, Au@DTDTPA-Gd

50
 

colloids appear therefore very attractive for MRI and X-ray 
applications. Due to Gd3+ ions entrapped in the DTDTPA shell, 
these particles (Au@DTDTPA-Gd

50
, [Au] = 50.7 mM, i.e. 10 g 

Au L-1 and [Gd] = 5 mM i.e. 50 Gd3+ per particle) induce a 
strong contrast enhancement of MRI images (Figures 3a-3b). 
The phantom containing Au@DTDTPA-Gd

50
 nanoparticles 

(Figure 3b) is brighter than the negative control which is 
composed of only water (Figure 3a). As expected, they are 
also detected by X-ray SRCT. Figures 3c-3d obviously show 
that the presence of gold nanoparticles is revealed by a 
strong enhancement of the contrast of the SRCT image. The 

biocompatibility of Au@DTDTPA and Au@DTDTPA-Gd was 
checked by mixing gold nanoparticles with splenocytes and 
HeLa cells (Figure 4). The viability of cells (splenocytes and 
HeLa) incubated for 1 hour in buffered sucrose solution (250 
mM) containing Au@DTDTPA ([Au] = 2 and 4 mM) or Au@
DTDTPA-Gd

50
 ([Au] = 4 mM) was determined by trypan blue 

exclusion and compared to the one of cells incubated for 1 
hour in buffered sucrose solution (250 mM) but without 
nanoparticles (negative control). Figure 4a shows that the 
proportion of cell death is small when splenocytes are 
incubated in presence of nanoparticles ([Au] = 4 mM) and is 
of same range than cells incubated without nanoparticle. 
Similar results are obtained after incubation of HeLa cells in 

Figure 4 
Cytotoxicity of Au@DTDTPA (Au) and Au@DTDTPA-Gd

50
 (Au-Gd) on (a) splenocytes and (b) HeLa cells. Sucrose: buffered solution of incubation containing 250 

mM sucrose (negative control); Au 2 mM and Au 4 mM: buffered solution of incubation containing 250 mM sucrose and Au@DTDTPA nanoparticles ([Au]= 2 

and 4 mM, respectively); Au-Gd 4 mM: buffered solution of incubation containing 250 mM sucrose and Au@DTDTPA-Gd
50

 nanoparticles ([Au]= 4 mM)
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Figure 3 
T

1
-weighted magnetic resonance images (a) of water as negative control, (b) of aqueous colloid of Au@DTDTPA-Gd

50
. SRCT images of phantoms containing 

(c) water and (d) Au@DTDTPA nanoparticles. T
1
-weighted magnetic resonance images of a mouse (e) before and (f) 45 minutes after intravenous injection 

of Au@DTDTPA-Gd
50

. (g) SRCT images of transverse slice including kidneys recorded 6 minutes after injection of Au@DTDTPA-Gd
50

 to a rat (slice thickness: 

1 mm). Planar X-ray images in transmission mode of a rat (h) before and (i) 10 minutes after intravenous injection of Au@DTDTPA-Gd
50

 (K for kidneys, U for 

ureter and B for bladder). For b, f, g and i: [Au] = 50.7 mM, i.e. 10 g Au L-1, [Gd] = 5.00 mM. For d: [Au] = 50.7 mM
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sucrose solution containing Au@DTDTPA ([Au]=2mM, Figure 
4b). From these data, we can deduce that the cytoxicity of 
Au@DTDTPA and Au@DTDTPA-Gd

50
 ([Au] = 4 mM) is weak. The 

innocuousness of these particles was confirmed by in vivo 
experiments. The intravenous injection of Au@DTDTPA-Gd

50
 

([Au] = 50.7 mM, i.e. 10 g Au L-1 and [Gd] = 5 mM i.e. 50 Gd3+ 
per particle) is well tolerated by small animals (mice, rats) and 
no overt clinical sign was observed for at least two months 
after the injection. Since they are able to induce a contrast 
enhancement of MRI and X-ray images, these particles can be 
easily followed up. The presence of Au@DTDTPA-Gd

50
 is 

revealed by the appearance of bright zone after their injection 
(Figures 3e-3i). The examination of images acquired by MRI 
and X-ray imaging experiments revealed that bright zones 
were only observed in kidneys, ureters and bladder. This 
indicates that the particles freely circulate in the blood pool 
without undesirable non-specific accumulation (as confirmed 
by ICP-MS analysis of the organs) and are cleared from the body 
through the kidneys when they are injected to healthy rats 
(Figures 3e-3i) [9]. In contrast to the case of healthy animals, 
Au@DTDTPA-Gd

50
 nanoparticles crossed the brain blood barrier 

(BBB) of rats bearing a tumor in brain (9L gliosarcoma). A 
moderate contrast enhancement (15%) was observed in the 
tumor zone until 20 minutes after the injection (Figure 5). This 
indicates that gold nanoparticles are able to reach this region 
in the case of unhealthy rats. Indeed the presence of the tumor 

in brain renders BBB leaky and facilitates therefore the crossing 
of the particles. Moreover the difference of contrast between 
tumor and surrounding healthy tissue can be explained by a 
denser vascularisation of the tumor since its rapid growth 
requires the recruitment of additional blood vessels 
(angiogenesis) for delivering a large amount of nutriments and 
oxygen to the tumor [19,20]. The preferential accumulation of 
Au@DTDTPA-Gd nanoparticles was exploited for treating the 
tumor with X-ray beam. The irradiation of tumor bearing rats 
with X-ray microbeam 20 minutes after Au@DTDTPA-Gd 
injection led to a longer survival of the rats (Figure 6 and Table 
1). As compared with the median survival time (MeST) and 
mean survival time (MST) of non-treated rats, the rats which 
received gold nanoparticles and were submitted to X-ray beam 
exhibit higher MeST (27.5 days versus 17.5) and MST (33.25 ± 
11.75 days versus 17.66 ±0.33 days). 

These preliminary experiments are encouraging but 
improvements are required since a preferential localization 
is rarely sufficient for sparing the surrounding healthy tissue. 
The next step of our work will consist in the functionalization 
of Au@DTDTPA-Gd by peptide for an active targeting of the 
growing neo-vasculature which supplies nutriment and 
oxygen to tumors. The destruction of this neo-vasculature is 
thought to play a major role in the eradication of some 
vascularized tumors because the resulting deprivation of 
life-sustaining nutrients and oxygen will prevent the tumor 
growth [21]. In addition to their ability to immobilize Gd3+ 
ions and to ensure a high colloidal stability, the DTDTPA shell 
can also act as anchorage site for organic molecules or 
biomolecules. Each DTDTPA moiety in the organic shell 
carries three carboxylic acid groups which can be used for 
coupling aminated molecules via the formation of an amide 
linkage. Poly(ethylene glycol) whose both extremities ends 
by amine (PEG(NH

2
)
2
) was used for demonstrating the 

possibility to perform a post-functionalization of Au@DTDTPA 
nanoparticles. Before adding PEG(NH

2
)
2
 to the gold 

nanoparticles, COOH groups were converted to  
N-hydroxysuccinimidyl ester in presence of EDC (a water 
soluble carbodiimide) in order to increase the yield of PEG 
coupling in water. If the surface of Au@DTDTPA nanoparticles 
is derivatized by PEG(NH

2
)
2
, the anchorage of these particles 

is expected onto carboxylated silica particles via the 
formation of amide bond between the intact amino group 
of the polymer tethered onto the gold nanoparticles and the 
carboxylic acid groups of the silica particles which were 
converted to N-hydroxysuccinimidyl ester.  Figure 7a shows 
that gold nanoparticles, which were in contact with 
PEG(NH

2
)
2
, are bound to the carboxylated silica nanoparticles 

whereas unmodified Au@DTDTPA nanoparticles are not 
anchored onto the silica nanoparticles (Figure 7b). This 
constitutes an evidence of the presence of PEG(NH

2
)
2
 onto 

Au@DTDTPA particles. This experiment demonstrates that 
Au@DTDTPA nanoparticles can be functionalize by aminated 
molecules in water and paves therefore the way to the 
targeted imaging and therapy since the functionalization of 
Au@DTDTPA by bio-targeting groups can be performed. 

Figure 5 
T

1
-weighted image of brain of tumor-bearing rat (a) before and (b) 20 

minutes after intravenous injection of Au@DTDTPA-Gd
50

(a) (b)

Figure 6 
Graph of rats survival. Black curve: non treated rats (control group,  

n = 6). Red curve: irradiation of rats 20 minutes after the injection of Au@

DTDTPA-Gd
50

 (n = 8, V = 1.4 mL, [Au] = 50.7 mM, i.e. 10 g Au L-1, [Gd] = 

5.00 mM)
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Conclusion

Owing to their peculiar design, Au@DTDTPA-Gd nanoparticles 
appear very well suited for combining in vivo imaging and 
radiotherapy. The presence of gold element and gadolinium 
ions in Au@DTDTPA-Gd confers to the particles the ability to 
improve the survival of rats bearing a very aggressive tumor 
and to follow up them both by X-ray imaging and MRI. 
Moreover DTDTPA molecules which allow the immobilization 
of Gd3+ ions on the particles and favor the water solubility of 
these particles in biological media afford also the opportunity 
of further functionalization of the particles. In peculiar, the 
derivatization of these gold nanoparticles by aminated bio-
targeting groups can be envisaged and will constitute our 
next goal. The specific accumulation of Au@DTDTPA-Gd in 
tumor is indeed expected to improve the radiotherapy since 
both the effect of the X-ray dose should be more enhanced 
by the presence of a higher amount of gold in tumor and 
healthy tissue should be spared. 
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