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Introduction: In this paper, we have designed and formulated, a novel synthesis of 
doxorubicin (DOX) loaded bimetallic gold nanorods in which gold salt (HAuCl4) is chelated 
with anthracycline (DOX), diacid polyethylene-glycol (PEG-COOH) and gadolinium salt 
(GdCl3 * 6 H2O) to form DOX IN-Gd-AuNRs compared with DOX ON-Gd-AuNRs in 
which the drug was grafted onto the bimetallic pegylated nanoparticle surface by electrostatic 
adsorption.
Material and Method: The physical and chemical evaluation was performed by spectro-
scopic analytical techniques (Raman spectroscopy, UV-Visible and transmission electron 
microscopy (TEM)). Magnetic features at 7T were also measured. Photothermal abilities 
were assessed. Cytotoxicity studies on MIA PaCa-2, human pancreatic carcinoma and TIB- 
75 hepatocytes cell lines were carried out to evaluate their biocompatibility and showed 
a 320 fold higher efficiency for DOX after encapsulation.
Results: Exhaustive physicochemical characterization studies were conducted showing 
a mid size of 20 to 40 nm diameters obtained with low polydispersity, efficient synthesis 
using seed mediated synthesis with chelation reaction with high scale-up, long duration 
stability, specific doxorubicin release with acidic pH, strong photothermal abilities at 808 nm 
in the NIR transparency window, strong magnetic r1 relaxivities for positive MRI, well 
adapted for image guided therapy and therapeutical purpose in biological tissues.
Conclusion: In this paper, we have developed a novel theranostic nanoparticle composed of 
gadolinium complexes to gold ions, with a PEG biopolymer matrix conjugated with anti-
tumoral doxorubicin, providing multifunctional therapeutic features. Particularly, these nano 
conjugates enhanced the cytotoxicity toward tumoral MIAPaCa-2 cells by a factor of 320 
compared to doxorubicin alone. Moreover, MRI T1 features at 7T enables interesting positive 
contrast for bioimaging and their adapted size for potential passive targeting to tumors by 
Enhanced Permeability Retention. Given these encouraging antitumoral and imaging proper-
ties, this bimetallic theranostic nanomaterial system represents a veritable promise as 
a therapeutic entity in the field of medicinal applications.
Keywords: hybrid nanorods, doxorubicin, MRI, MIAPaCa-2 cells, hyperthermia

Introduction
Lately, hybrid gold nanomaterials have been broadly applied as drug delivery 
vehicles to cancer cells due to their optochemical,1,2 thermoplasmonics3,4 and 
chemical ability of functionalization.5–9 Various types of hybrid nanomaterials 
and inorganic nanoparticles as Gold (Au) NPs,10 silver,11 and iron oxide NPs,12 

have already shown a therapeutic activity against cancer. Among all, gold nanorods 
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(AuNRs), are achieving high emphasis for many reasons 
as follows: (i) Au NPs do not show any toxicity and 
reactivity and thus are suitable for in vivo studies; (ii) 
they display remarkable optical properties as the genera-
tion of localized surface plasmons (LPSR);13 (iii) their 
nature enables the easy surface chemical 
functionalization14 and (iv) their size, morphology, and 
monodispersity can be monitored during the synthesis 
process, allowing their optical properties from the visible 
to the near-infrared region (NIR) region.15 Compared with 
other gold nanoparticles (AuNPs), Au nanorods (AuNRs) 
are particularly interesting due to their anisotropic struc-
ture. Indeed, AuNRs exhibit better NIR absorption com-
pared with other gold nanostructures16,17 with efficient 
photothermal heat conversion for photo-treatment.18 

Previously, Xiao et al19 have proved that AuNRs conju-
gated with doxorubicin (DOX) can be applied as efficient 
multifunctional nano-platform for both targeting and ima-
ging cancer cells. Doxorubicin (DOX), an anticancer 
anthracycline drug, shows strong side effects, including 
myelosuppression and cardiotoxicity.20 In order to enhance 
the chemotherapeutic drug efficiency, the drug can be 
loaded on the surface of nanostructures,21,22 such as to 
improve the bioavailability, sustained drug release and 
biocompatibility.23

In the last years, Spadavecchia et al have designed and 
synthesized a novel nano-therapeutic vector based on 
a gold-doxorubicin complex called DOX INPEG- 
AuNPs.24 This protocol was implemented to encapsulate 
any drugs with a capacity for complexation to gold salts, 
such as carboxylates, phosphonates, including anthracy-
cline, alkaloid and flavonoid molecules.25,26 This chemical 
methodology (Method IN) has been compared with other 
grafting methodologies in which the drug was functiona-
lized onto gold surface by carbodiimide chemistry (EDC/ 
NHS)27 or electrostatic adsorption EA (Method ON).28,29

On the basis of Method IN, the same authors have 
conceived new chemical polymeric bimetallic nanostruc-
tures, in which gadolinium ions complex to gold ions, and 
then stack with a biopolymer matrix to form a hybrid 
nanoparticle.30 Gadolinium is a chemical element widely 
used as a contrast agent to improve the quality of MRI 
images for more efficient diagnosis in cancer or 
inflammation.

MRI is a non-invasive, non-radiative technique, which 
is widely used clinically but often requires the injection of 
contrast agents to improve specificity for diagnosis leading 
to enhanced contrast and sensitivity.31 The intensity of the 

signal is based on the density of water protons and is 
modulated by their longitudinal (T1) and transverse (T2) 
relaxation times.

Gd3+ complexes are most commonly used to enhance 
the relaxation rate of water protons and thus increase 
image contrast.32 The efficiency of a contrast agent is 
characterized by its relaxivity that depends mainly on the 
rotational correlation time (τR) of the complex, the num-
ber of coordinated water molecules (q) and the lifetime of 
these water molecules in the inner coordination sphere 
(τm). Three main strategies have been developed to 
improve the efficiency of Gd based contrast agents (CA): 
(i) combine CA to macromolecules (such as nanoparticles, 
polymers, proteins or liposomes) to increase the Gd3+ 

payload and to enhance in the same time the τR; (ii) use 
ligands that enable more than one water molecules to be 
coordinated to the Gd3+; (iii) increase the exchange rate of 
the inner sphere water molecules. By using self-assembly, 
large structures can be easily obtained and should present 
slower rotational dynamics, thus enhanced relaxivity.33 

Gd3+ complexed with polymers ligands, is the most used 
contrast agent in clinics. However free Gd3+ is a toxic 
element because it has the same ionic radius as Ca2+, 
which is an important element for biological processes. 
This similarity can lead to the competition between the 
two of them. Lanthanide ions such as Gd3+ can bind to the 
Ca2+ enzymes or replace the Ca2+ ions in cell membrane 
channels, and lead to the inhibition of biological 
processes34 inducing deleterious toxic effects. Therefore, 
some measures have to be taken to reduce this toxicity by 
adding ligands such as DOTA.35 The Gd ions would 
become biocompatible when it is chelated with 
a biopolymer.

Complexation of Gd3+ to Gold nanoparticles has 
already been reported in recent works.30

Intense research are conducted in the development of 
novel theranostic MRI contrast agent in middle size to 
nanoparticular size with triggering for drug release or 
intelligent contrast activation.36

In the current study, four aims were carried out: first, 
we designed and synthesized bimetallic Gadolinium– 
Gold Nanorods (Gd-AuNRs) by a fast modification of 
“seed mediated synthesis” implying hybrid Gd-AuNRs 
with a mixture of capping polymers (diacid PEG and 
CTAB). Second, we combined our bimetallic nanorods 
with doxorubicin (DOX) through chelation process (DOX 
IN-Gd-AuNRs) and electrostatic functionalization 
(DOXON-Gd-AuNRs) in order to investigate their 
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efficacy after internalization in pancreatic MIA PaCa-2 
and hepatocytes TIB-75 cells with a consecutive test to 
confirm an excellent property as imaging contrast agent 
(third aim). We also suggested a photothermal study of 
these nanostructures in order to develop a multitask nano-
vector with a highly effective cancer therapy feature 
(fourth aim). These highlights headline the potential of 
the chemical approach to study DOX-gadolinium-gold 
interactions in relation to drug delivery and drug target-
ing activity.

Experimental Section
Materials
The reagents, tetrachloroauric acid (HAuCl4*3H2O), gado-
linium chloride hexahydrate (GdCl3 *6H2O), sodium bor-
ohydride (NaBH4), dicarboxylic polyethylene glycol 
(PEG)-600 diacid, L-Ascorbic acid (AA), hexadecyltri-
methylammonium bromide (≥99,9%-Sigma, CTAB), silver 
nitrate (AgNO3) and doxorubicin hydrochloride (DOX) 
were purchased from Sigma-Aldrich (Saint-Quentin 
Fallavier, France). All these chemicals were used as 
received without further purification. Ultrapure MilliQ 
water was used throughout the experiments.

Physical-Chemical Characterization
All measurements were performed in triplicate in order to 
confirm the reproducibility of the synthetic and analytical 
procedures.24,25

UV-Vis Absorption Spectroscopy
Absorption spectra were recorded using a double-beam 
Varian Cary 500 UV-Vis spectrophotometer (Agilent, Les 
Ulis, France). Absorption spectra of the Gd-AuNRs were 
recorded in the 350–900 nm spectral range in water.

Transmission Electron Microscopy (TEM)
Transmission electron microscopy (TEM) images were 
recorded with a JOEL JEM 1011 microscope (JOEL, 
Tokyo, Japan) operating at an acceleration voltage of 
100 kV. TEM specimens were prepared after separating 
the surfactant from the particles by centrifugation. 
Typically, 1 mL of Gd-AuNRs was centrifuged for 20 
min at a speed of 12,000 rpm. The upper part of the 
solution was removed and the solid portion was redis-
persed in 1mL of water. A total of 2 µL of this redispersed 
particle suspension was placed on a carbon-coated copper 
grid manufactured by Smethurst High-Light Ltd (Elektron 

Technology, Cambridge, UK) and marketed exclusively 
by Agar Scientific (Essex, UK) and dried at room tem-
perature. The Raman experiments were conducted on 
anXploraspectrophotometer (Horiba Scientifics), which 
was equipped with a Helium-Neon (HeNe) laser of 785 
nm. A CCD camera was used for data acquisition. Optical 
filter was set at 100% so that the laser power used is 8mW. 
The density of diffraction grating was used at 600 fea-
tures/mm which offers a spectral resolution of 12cm−1. 
The confocal hole (pinhole) resulted at 300 µm.

Scanning Electron Microscopy-Energy 
Dispersive X-Ray Analysis (SEM-EDX)
Scanning electron microscopy (SEM) investigation was per-
formed on an environmental SEM microscope (ESEM, Quanta 
200 FEG, FEI Company Hillsboro, OR) equipped with an 
EDX spectrometer (Genesis 2000, XMS System 60 with 
a Sapphire Si/Li Detector from EDAX Inc., Mahwah, NJ).

Magnetic Resonance Imaging (MRI)
In vitro relaxivity experiments were carried out by record-
ing T1 and T2 maps with a 7T MR micro imaging vertical 
spectrometer fitted with an ultra-shielded refrigerated mag-
net (300WB, Bruker, Avance II, Wissembourg, France) 
equipped with a nominative 200mT/m actively shielded 
gradient and a 40mm Bruker linear birdcage coil, at 273 
K with the method described previously.30

The T1 and T2 relaxation times of a set of 4 solutions 
of Gd-Au nanoparticles prepared at different concentra-
tions (0, 0.1, 0.2, 0.5, 1 mM of Gd3+ in saline) were 
measured.

Molar relaxivities r1, and r2 in mM−1.s−1 were obtained 
using the following:

1
Ty
¼ ry Gd½ � þ 1

Ty;0 
with y: 1 or 2

The relaxivity ri was determined by fitting the slope of 
the relaxation rate (Ri, s−1) as a function of the Gd3+ 
concentration in mM using Excel software.

Values of relaxivities r1 and r2 are expressed in (mM−1.s−1) 
and corrected from ICP AES elementary analysis (Institut 
Physique du Globe (IPG) ICP AES Facility, and ENSCP 
Paris); r2/r1 ratio is calculated to evidence the T1 type MRI 
contrast agent (>1).

Hyperthermia/Phototherapy
Aqueous solutions of AuNRs (1 mL) were introduced in 
a quartz cuvette and irradiated with an 808 nm continuous 
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laser (Focuslight, China) at laser irradiance (0.5 W/cm2) 
for 15 min at room temperature (296 K). The temperature 
was recorded every 15 s with a digital thermometer using 
a thermocouple probe (Hanna Instruments, USA).

Synthesis Procedures of AuNRs
Gold Nanorods (AuNRs) were synthetized by 
a modification of seed-mediated procedures.

First step was to prepare the seed solution by mixing 
5 mL of aqueous HAuCl4 solution (0.5 mM) with 5 mL of 
CTAB solution (0.1 M) for 3 min. Then, 1.2 mL of ice- 
cold 8 mM NaBH4 was added dropwise, which resulted in 
the formation of a brown color solution.

The solution was stirred for more than 3 min and kept 
at 298 K without agitation for 4hrs.

The growth solution was prepared by mixing 5 mL of 
an aqueous solution of HAuCl4 (1 mM) with 2.5 mL of 
CTAB (0.1 M) for 3 min. Then, 250 µL of diacid poly-
ethylene glycol 600 (PEG) (1 mM) and 250 µL of AgNO3 

(7.06 mM) were added to the stirring solution HAuCl4- 
CTAB. After 3 min of additional stirring, 630 µL of 
ascorbic acid (15 mM) was added dropwise to the solution. 
The color of the growth solution changes from dark yellow 
to colorless. The final step was the dropwise addition of 40 
µL of the seed solution to the growth solution. The final 
solution was kept covered for 30 min without agitation. 
The color of the solution changes over the period depend-
ing on the final size of the nanorods. The resulting pink/ 
violet solution was centrifuged and purified.

Synthesis Procedures of Gd-AuNRs
Seed solution was prepared by mixing 5 mL of aqueous 
HAuCl4 solution (0.5 mM) with 5 mL of Gd3+ solution (40 
mM) under magnetic stirring during 3 min. After this time, 
5 mL of CTAB (0.1 M) was added to the stirring solution 
until formation of homogeneous solution. Then, 1.2 mL of 
ice-cold 8 mM NaBH4 was added dropwise, until complete 
reduction and consequently formation of brown color solu-
tion. The solution was stirred for more than 3 min and kept 
at 298 K without agitation for 4hrs.

The growth solution was prepared by mixing 5 mL of an 
aqueous solution of HAuCl4 (1 mM) with 5 mL of Gd3+ (40 
mM) for 3 min under stirring at room temperature. After 
this time, 2.5 mL of an aqueous solution of surfactant 
CTAB (0.1 M). Then, 250 µL of diacid polyethylene glycol 
600 (PEG) and 250 µL of AgNO3 (7.06 mM) were added to 
the stirring solution HAuCl4- Gd3+-CTAB-PEG. After 
3 min of more stirring 630 µL of ascorbic acid (15 mM) 

was added dropwise to the solution. The color of the growth 
solution changes from dark yellow to colorless. Forty 
microliters of seed solution was added to a growth solution. 
The final solution was kept covered in the dark for 30 min 
without agitation. The color of the solution changes over the 
period depending on the final size of the nanorods. The 
resulting pink/violet solution was centrifuged and purified. 
Stock solutions were stored at 27–29 ◦C and characterized 
using UV–vis, Raman spectroscopy and Transmission 
Electron Microscopy (TEM).

Conjugation of DOX Onto Gd-AuNRs 
(DOX ON-Gd-AuNRs)
One milliliter of the DOX solution (1.7 mM) was added to 
the Gd-AuNRs solution (13.7 mL; [Au]: 0.363 mM). This 
mixture was kept for 1 h under agitation at room tempera-
ture. Next, the resulting DOX ON-Gd-AuNRssolution was 
centrifuged twice at 6000*g for 10 min to remove excess 
of DOX, and the pellets were redispersed in 0.5 mL of 
water milli Q.

Synthesis Procedures of DOX Inside 
Gd-AuNRs (DOX IN-Gd-AuNRs)
Seed solution was prepared by mixing 5 mL of aqueous 
HAuCl4 solution (0.5 mM) with 1 mL of DOX (1.7 mM) 
solution for 3 min. Then, 5 mL of Gd3+ solution (40 mM) 
was added to the stirring solution. Afterwards, 5 mL of 
CTAB (0.1 M) was added under stirring for 3 min. Then, 
1.2 mL of ice-cold 8mM NaBH4 dropwise, which resulted 
in the formation of a dark pink color solution. The solution 
was stirred for 3 min more and kept at 298 K without 
agitation for 4hrs.

The growth solution was prepared by mixing 5 mL of an 
aqueous solution of HAuCl4 (1 mM) with 1 mL of DOX (1.7 
mM) solution for 3 min. Afterwards 5 mL of Gd3+ (40 mM) 
was added under stirring for 3 min. After this time, 2.5 mL 
of an aqueous solution of surfactant CTAB (0.1 M) was 
added under stirring. Then, 250 µL of diacid polyethylene 
glycol 600 (PEG) (1 mM) and 250 µL of AgNO3 (7.06 mM) 
were added to the stirring solution HAuCl4- Gd3+-CTAB- 
PEG. After 3 min, 630 µL of ascorbic acid (15 mM) was 
added dropwise to the solution. The color of the growth 
solution changes from dark yellow to colorless. The final 
step was the dropwise addition of 40 µL of the seed solution 
to the growth solution. The final solution was kept covered 
for 30 min without agitation. The resulting brown solution 
was centrifuged and purified at the same conditions and 
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characterized by UV-Vis spectroscopy, Transmission 
Electron Microscopy (TEM), and Raman spectroscopy.

Quantification of Free Gd3+
The amount of free gadolinium is determined by using 
xylenol orange method37 with UV-Vis spectrometer. The 
solution was prepared in acetic buffer solution (pH= 5.8). 
The ratio of absorbance at 573 nm and 433 nm is propor-
tional to the free Gd3+ concentration. Calibration curve 
was obtained by spectrophotometric changes of xylenol 
orange absorption in the presence of different amounts of 
Gd3+ (Figure S1 in Supporting Information). The amount 
of free gadolinium was determined by using the equation 
of calibration curve: y ¼ 19991xþ 0:0744 where x is the 
concentration of free gadolinium.

Determination of Hybrid Gold Nanorods 
(Gd-AuNRs, DOX IN-Gd-AuNRs, DOX 
ON-Gd-AuNRs) Concentration
Gd-AuNRs concentration was determined by exploiting 
standard mathematical calculations in colloidal solution. 
Lambert–Beer law (A ¼ εcl) was used to determine col-
loids concentration. In this equation A is the maximum 
absorbance (corresponding to the Surface Plasmon 
Resonance Band at around 540–800 nm) of the UV- 
visible spectrum, ε is the molar extinction coefficient 
(equal to 3.07 * 1010 M−1 cm−1), C is the molar concen-
tration of colloids and l is the optical length of cuvette 
(1 cm). The resulting C was multiplied for the dilution 
factor to obtain the concentration of colloids.

Stability of Hybrid Gold Nanorods 
(Gd-AuNRs, DOX IN-Gd-AuNRs, DOX 
ON-Gd-AuNRs)
The stability of Hybrid Gold Nanorodswas detected by 
UV-Vis profiles. One milliliter of each colloidal solution 
at 2.4 * 10−4 M (Gd-AuNRs, DOX IN-Gd-AuNRs, DOX 
ON-Gd-AuNRs) were dissolved in DMEM during 
72 h (Figure S2 in Supporting information).

Cell Culture
Both cell lines, MIA PaCa-2, a human pancreatic carci-
noma cells and TIB-75 murine hepatocytes cells were 
purchased from American Type culture collection 
(ATCC). The two cell lines were grown in DMEM 
(Gibco, Bio-Sciences Ltd, Ireland) supplemented with 

10% FBS (Sigma-Aldrich) in a humified atmosphere at 
37°C and 5% CO2.

Cytotoxicity Tests
For the cytotoxicity tests, cells were plated into 96-wells at 
4000 cells per well in 100 µL of culture medium. They 
were maintained in a 5% CO2-humified. After 24 h, the 
medium was removed and replaced by new medium con-
taining nanoparticles without and with 9 different concen-
trations of DOX: 1 µM, 0.5 µM, 0.25 µM, 0.125 µM, 
0.0625 µM, 0.03125 µM, 0.0156 µM, 0.0078 µM, 0.0039 
µM and 0 µM. The cytotoxicity was evaluated with two 
tests, resazurinAlamar blue and MTT. All analyses for 
IC50 calculations were computed using GraphPad Prism 
software.

DOX Loading Efficiency
The amount of the drugs (DOX) incorporated into Gd- 
AuNRs was measured by UV-Vis absorption spectroscopy 
and extrapolate the DOX concentrations by a calibration 
curve24 (Figure S3 in Supporting Information).

Drug Release from Gd-AuNRs
DOX releases were evaluated at physiological temperature 
(37° C). Drug-loaded AuNRs were dispersed at concentra-
tion of 1.3 *1012 particles/mL in 1.0 mL PBS and submitted 
to dialysis as previously described21 The concentration of 
drug released from AuNPs was expressed as a percentage of 
the total drug concentration present in the sample as in the 
following equation and plotted as a function of time.

% DOX released ¼
Concentration of drug released

Initial drug concentration
� 100 

Results and Discussion
Our aim was to design bimetallic hybrid gold nanorods 
(Gd-AuNRs), tuning the chemical physical characteristics 
based onto better steric arrangement of the doxorubicin 
(DOX) onto gold surface of nanoparticles combining che-
lation process (Method IN) and Electrostatic Adsorption 
(EA) (Method ON).

Formation Mechanism of Gd-AuNRs
Several authors have studied the association between Au 
nanoparticles and Gd chelates through the synthesis of 
Gd-chelate-gold nanorods,38 Gd-enriched DNA AuNPs 
conjugates,39 and grafting Gd chelates on gold nanostruc-
tures or hydroxyhapatite40 as multimodal MRI/CT 

International Journal of Nanomedicine 2021:16                                                                          submit your manuscript | www.dovepress.com                                                                                                                                                                                                                       

DovePress                                                                                                                       
2223

Dovepress                                                                                                                                                            Khan et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/get_supplementary_file.php?f=295809.docx
https://www.dovepress.com/get_supplementary_file.php?f=295809.docx
https://www.dovepress.com/get_supplementary_file.php?f=295809.docx
http://www.dovepress.com
http://www.dovepress.com


contrast agents. Previously Spadavecchia et al have 
investigated the mechanism of bimetallic hybrid nano 
formulations as spherical and polyedrical shape, includ-
ing Au-Gd complex wrapped into a biocompatible poly-
mer structure.30 The same authors have studied the 
competition effect with several capping agents on the 
growth process of hybrid nanoparticles.41 Based on 
these findings, we conceived a novel chemical protocol 
to obtain bimetallic nanorods (Gd-AuNRs) through mod-
ification of seed mediated procedures by complexation 
method. The first step (Scheme 1 panel A) displays the 
seed formation by interaction of tetrachloroauric acid in 
the presence of gadolinium salt to form gold-gadolinium 
clusters Gd3+-Au3+ in ultrapure water solution at room 
temperature. The addition of CTAB as surfactant allows 
a disproportionate reaction in aqueous phase. Indeed, as 
reported earlier, the extraordinarily strong binding of Gd- 
AuBr2 to the positive CTAB+ head group could stabilize 
the Au+ species in aqueous solution. This is due to the 
cooperative effect of micelles and Br2, which favours the 
emergence of soluble Au+ ions. Finally, the complete 
reduction by strong reducing agent (NaBH4) gives the 
formation of gadolinium-gold seed particles. The second 
step (Scheme 1 panel B) provides the formation of 

growth solution by interaction of bimetallic micelles (Gd- 
Au-CTAB) with diacid PEG. We believe that PEG and 
CTAB compete during the synthetic process owing to 
a higher collision rate of CTAB-Au-Gd micelles than 
that of PEG-Au-Gd. This effect is responsible for the 
change in the final NPs shape due to a probable deposi-
tion of PEG molecules onto Au facet [110].

Doxorubicin (DOX) Complexation into 
Gd-AuNRs (DOX IN-Gd-AuNRs)
Previously Spadavecchia et al have conceived an ori-
ginal methodology called “Method IN” in which DOX 
and other several drugs or biomolecules were chelated 
with gold salt and polymers to form hybrid gold 
nanoparticles with high biological therapeutic 
effect.24,28,29,42

On the basis of this methodology, we adapted the 
similar protocol to “seed mediated synthesis” in order to 
obtain DOX IN Gd-AuNRs. The first and second steps 
have in common both seed and growth solution consisted 
of Au (III)-DOX complexation, (DOX-AuCl2-) and gen-
eration of gold clusters24 (Scheme 2 panel A) that react 
with gadolinium salt and CTAB in order to form hybrid 
metallomicelles.

Scheme 1 Schematic representation of seed mediated synthesis of bimetallic nanorods (Gd-AuNRs).
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The second step of seed formation provides a strong 
reduction in order to obtain doxorubicin-Gd-Au-seeds. 
In this present study, CTAB was in the seed solution as 
micelle, at the concentration of 0.92 mM. In this experi-
mental condition, the amino groups of DOX are 
partially deprotonated (pKa = 5.4, pH of the seed solu-
tion is 6) and may heavily interact with positively 
charged end-groups of the CTAB micelles. The presum-
able DOX-Gd-AuCl2–CTAB complexes subsequently 
interact leading to a reduction of gold salts.

In addition, electrostatic intermolecular interactions 
may improve the side-by-side arrangement of the CTAB- 
DOX complexes, due to electronic structure of DOX rich 
in delocalized electrons which enhances its involvement in 
the reduction of the gold salt, before the addition of 
NaBH4. In the case of growth solution, we assume the 
formation of a presumable CTAB-DOX-Au-Gd com-
plexes, the same reduction process involving ascorbic 
acid may occur. The further reduction of Au I can then 
proceed via an electron transfer at the surface of electron- 
rich, CTAB-DOX-Au-Gd capped, seed particles (Scheme 
2 panel B). This steric arrangement of DOX during syn-
thetic process of bimetallic nanorods (Gd-AuNRs) was 
evaluated by UV-Vis absorption spectroscopy, TEM and 

Raman Spectroscopy and will be reported in the following 
section.

Doxorubicin (DOX) Conjugation Onto 
Gd-AuNRs (DOX ON-Gd-AuNRs)
Previously other authors have functionalized DOX mole-
cules onto AuNRs, Gd2O3 nanoparticles and bimetallic 
AuNRs by several methodologies as encapsulation, elec-
trostatic adsorption and/or covalent approach. In order to 
compare the influence of steric arrangement of the drug 
onto nanoparticle surface, DOX was conjugated on the 
surface of pegylated Gd-AuNRs via Electrostatic 
Adsorption (EA) between the charged amino residues 
(–NH3

+) onto the skeletal of DOX with the polar surface 
of pegylated chains onto Gd-Au surface (Scheme 3).

Spectroscopic Analysis and 
Characterization
The seed-mediated growth is the most popular method for 
the synthesis of colloidal AuNRs due to the simplicity of 
the procedure, high quality and yield of nanorods, ease of 
controlling particle size, and flexibility for further chemi-
cal modifications.43

Scheme 2 Chematic representation of seed mediated synthesis of DOX-IN-Gd-AuNRs.
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Figure 1A, black line displays the localized surface 
plasmon resonance (LSPR) bands of Gd-AuNRs with 
a strong resonance band at around 868 nm corresponding 
to the longitudinal plasmon oscillation44 and a weaker 

one at ca 525 nm corresponding to the transverse plas-
mon oscillation band confirming the presence of elon-
gated Gd-AuNRs isolated from each other (Figure 1B, 
panel 1).

Scheme 3 Schematic representation of Electrostatic Adsorption of DOX onto Gd-AuNRs.

Figure 1 (A) Normalized UV-Vis absorption of GdAuNRs (blackline), DOX IN-Gd-AuNRs (red line) and DOX ON-Gd-AuNRs (blue line); (B) TEM images of Gd-AuNrs 
(panel 1), DOX IN-Gd-AuNRs (panel 2) and; DOX ON-Gd-AuNRs (panel 3) and (C) their corresponding histogram size distribution; (D) Raman spectra of DOX IN-Gd- 
AuNRs products (black line) and DOX ON-Gd-AuNRs (red line). Experimental conditions: λexc = 785 nm; laser power 20 mW; accumulation time 180 s.
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Following the modification of classical shape-directing 
CTAB-controlled seeding growth procedure, we indeed 
obtained a solution of gadolinium gold nanorods (Gd- 
AuNRs), well dispersed in shape and size; the anisotropic 
growth of nanoparticles into nanorods is known to be due to 
the preferential binding of CTAB+ ligands to the [100] faces of 
the seed nanoparticles; this has been attributed to the gold atom 
spacing on this rather open face, closer to the size of the 
surfactant head groups than that on the close-packed rod end 
surfaces. In our case, the presence of diacidPEG in growth 
solution generates a competition between CTAB+ and PEG- 
COO- with consequently different adsorption onto gold [100] 
faces. Note that the absence of nanorod aggregation in solution 
is obviously due to the electrostatic repulsions between posi-
tively charged ligands. After grafting of DOX to the Gd- 
AuNRs by electrostatic adsorption (DOX ON-Gd-AuNRs), 
we observe the appearance of peaks at 485 nm 503 nm, and 
537 nm characteristics of DOX and a strong decrease in the 
longitudinal surface plasmon resonance peak (Figure 1A, blue 
line), with a tendency of the nanorods to self assemble in linear 
chains (Figure 1B, panel 2).

In addition, the color of the solution changed from violet 
to pink pale upon attachment of DOX to the nanorods.

When DOX molecules participates in the nucleation and 
growth process of bimetallic nanorods, we observe 
a consequent change of plasmonic properties. UV-Vis 
absorption spectroscopy analysis of DOX IN-Gd-AuNRs 
(Figure 1A, red line) showed a characteristic absorption 
bands11 due to the presence of DOX. This behavior was 
associated to π-π* electronic transitions due to interactions 
between the DOX ring and Gd-AuCl2- ions and gives a clear 
evidence of the complex formation. This band is due to 
electronic delocalization of aromatic ring and HOMO- 
LUMO transition and explains the increase in intensity at 
540 nm. This confirms that DOX was effectively involved 
into the nucleation process and creates a complex with Au- 
Gd. We also observe a strong blue shift of longitudinal 
Plasmon peak from 868 nm to 783 nm (Figure 1A, red 
line) related to DOX unwrapping45 ontonanorod surface. 
Indeed this behavior might come from the optical properties 
of DOX itself.46 TEM images showed a characteristic rod 
shape for Gd-AuNRs (Figure 1B, panel 1) with a diameter of 
about 50 nm (see histogram Figure 1C, panel 1); after 
complexation of DOX into Gd-AuNRs (DOX IN-Gd- 
AuNRs), we can see a tendency of the nanorods to self 
assemble as side by side chains47 with a decrease of the 
size to 40 nm (see histogram Figure 1Cpanel 2), compared 
to DOX ON-Gd-AuNRs, in which we observe a size of 

nanorods with about 31 nm (see histogram Figure 1C, 
panel 3).

Zeta potential measurements show that, Gd-AuNRs, 
DOX ON-Gd-AuNRs and DOX IN-Gd-AuNRswere col-
loidally stable at physiological pH. This stability was 
enhanced with the presence of the PEG coating.27 

However, DOX IN-Gd-AuNRs display a better stability 
in DMEM (10% FBS) during 72 h compared to Gd- 
AuNRs and DOX ON Gd-AuNRs in which we observe 
a decrease of plasmon peaks after 24 h.

We also characterized our bimetallic hybrid nanorods by 
Raman spectroscopy (Figure 1D). As previously described, 
Raman spectrum of DOX in water showed a very intensive 
peak at 463 cm−1, followed by several small bands between 
600 and 1000 cm−1 as well as several intense bands from 
1200 to 1700 cm−1. In our case, Raman spectrum of the case 
of DOX IN-Gd-AuNRs (Figure 1D, black line) showed 
a very intense peak at 343 cm−1 and a doublet at 
226–286 cm−1. These bands are due to the gold chloride 
stretches and δ (O-Au-O) in ring F24 confirming the pre-
sence of DOX-AuCl2 in solution. The spectrum also shows 
several small bands between 400 and 500 cm−1 that are 
assigned to δ in Phe A, B, C and F rings close to the broad 
bands observed experimentally. Such peak assignments were 
based on the fact that the O-O electronic transition are 
expected.35 Many weak peaks were observed in the region 
400–1200 cm−1, as well as an intense doublet at 
1259–1430 cm−1, surrounded by medium peaks at 1232, 
1279 and 1332 cm−1. Furthermore, DOX ON-Gd-AuNRs 
(Figure 1D, red line) showed a strong peak at 430 cm−1 due 
to the vibrations δ(OH . . . O), ν(OH . . . O) of the PEG that 
confirm a different steric arrangement of PEG molecules 
compared to DOX IN-Gd-AuNRs. The peak at 1730 cm−1 

was assigned to the C=O of the ester bond linking PEG- 
diacid molecules to gold surface of nanorods. A small peak 
at 1640 cm−1 was also present, representing the character-
istic band of DOX molecules. All spectra also exhibit peaks 
at 324, 660 and 1630 cm−1 due to vibrations of Gd-OH and 
Gd-Cl in bimetallic nanorods,48 confirmed by EDX mea-
surements with comparative spectra as previously 
described.30

Stability, Loading and Drug Release of 
DOX IN-Gd-AuNRs, DOX ON-Gd- 
AuNRs
The stability of DOX IN-Gd-AuNRs and DOX ON-Gd- 
AuNRs in solution, plays a key role to assess therapeutic 
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applications, and was analysed by monitoring the Raman 
longitudinal band of the Gd-AuNRs (Figure S2 panel A in 
Supporting Information). Analysis was performed in 
DMEM under 72 h. A decrease of longitudinal band con-
firms an aggregation of bimetallic nanorods. The synthe-
sized DOX IN-Gd-AuNRs showed an almost negligible 
change in the longitudinal band position over a period of 
72 h (Figure S2 panel B in the Supporting Information). 
Although the band intensity slightly decreased overtime, 
we could conclude that no major agglomeration occurred 
over 72 h, implying that DOX IN-Gd-AuNRs might find 
application as clinical drug-delivery systems. Zeta poten-
tial measurements confirmed the spectroscopic results, 
showing that DOX IN-Gd-AuNRs were colloidally stable 
at physiological pH (zeta-potential = −30 ±1 mV with 
a PdI equal to 0.331). Contrarily to DOX IN-Gd-AuNRs, 
DOX ON-Gd-AuNRs showed an agglomeration after incu-
bation in DMEM (Figure S2 panel C in Supporting 
Information). We suggest that DOX IN-Gd-AuNRs 
enhanced stability is due to the presence of the PEG 
polymer chains on the nanoparticle surface.

Kumar et al49 have monitored the loading and release 
of DOX onto Gd2O3 nanoparticles by microemulsion 
method with a sustained release of the drug at pH 7.4 
and 5 of about 65% after 165 h for pH 7.4 and 90% 
after 167 h for pH 5.0. Other authors,45 have synthetized, 
multifunctional gold nanorods coated with alternating 
layers of the anionically charged poly(styrene sulfonate) 
(PSS) and the cationically charged poly(lysine) (PLL) 
polymers to mask the toxic hexadecyltrimethyl ammonium 
bromide (CTAB) layer. In this formulation DOX was 
released after 96 h reached ca. 40 and 20% in contrast to 
85 and 50% at physiological pH in presence of trypsin. In 
our previous work, we have monitored the loading and 
release of DOX onto pegylated spherical gold nanoparti-
cles named AuNPsin which DOX was grafted onto the 
gold surface by carbodiimide chemistry (Method ON) or 
complexed with gold salt (Method IN), in which the DOX 
loading efficiency was 86.5% and the release was pH- and 
time-dependent for DOX IN-Gd-AuNRs with release at 
acidic pH (~98%), after 96 h, nine-fold higher than at 
neutral pH (~10%). Contrarily, in the case of DOX ON- 
Gd-AuNRs doxorubicin release into an aqueous environ-
ment measured in previous works, was almost negligible 
after 7 days, at both pH suggesting that drug release from 
Gd-AuNRs was triggered by enzymatic activity DOX 
release into aqueous environment was almost negligible 
(2%) at both pH.50

In the present novel formulations of Gd-AuNRs, 
DOX assumes a different chemical and sterical confor-
mation compared to recent synthesis approach in which 
the drug molecules reside inside the AuNR core. The 
successful loading ratios of DOX onto Gd-AuNRs, in 
both configuration (IN and ON) were evidenced by the 
characteristic absorption peaks at 485 nm from DOX 
(Figure S3 in Supporting information). The standard 
absorption of DOX was plotted in the inset of figure 
(Figure S3 in Supporting information) according to UV- 
Vis absorbance spectra of DOX at various concentra-
tions. In the case of DOX IN-Gd-AuNRs, the loading 
efficiencies were estimated to be 93% with 9.0 µg pre-
sent in 2.3*10−8 mol of NPs. DOX releases were pH- 
and time-dependent (Figure 2A and B). A sustained drug 
release was observed in the first 5 h for both drugs at pH 
4 and 7, which is highly favorable for drug delivery as 
the cancer cells thrive in acidic conditions. We presumed 
that the release of DOX was checked by an ionic equili-
brium between Au (III)-PEG complexes trapped into Gd- 
AuNRs by the electrostatic interactions between PEG 
chains, CTAB and ionic drug. As previously described, 
the mechanism by which acidic pH triggers drug release 
is probably associated to the presence of carboxylate 
groups in the chemical structure of PEG molecules. In 
the case of DOX ON-Gd-AuNRs (Figure 2B) the loading 
efficiencies were estimated to be 83% and the releases 
were pH- and time-dependent at acidic pH (~75%), after 
96 h, compared to neutral pH (~30%).

Cytotoxicity
The cytotoxicity of these nanorods was evaluated on two 
types of cell lines, TIB-75 (hepatocytes) and MIA PaCa-2 
(pancreatic cells) by using resazurinAlamar blue and MTT 
cytotoxic tests for better robustness with increasing concen-
tration of DOX in nanoparticles from 0 to 1 μM, and simul-
taneously increasing concentrations of Gd and Au (Figure 3).

Both MIA PaCa-2 and TIB-75 cells were exposed to 
a series of DOX IN-Gd-AuNRs and DOX ON-Gd-AuNRs 
dilutions in complete media (DMEM+10% FBS) (concentra-
tions ranging from 0 to 1 μM of DOX in Gd-AuNRs). To 
evaluate the potential toxicity coming from the AuNRs them-
selves as controlled AuNRsnanovectors, we also tested the 
cytotoxicity of AuNRs (without Gd or DOX), and Gd- 
AuNRs without DOX (concentrations ranging from 0 to 2.9 
μM of Au).

The percentage (%) of living cells (MIA PaCa-2 and TIB- 
75) was evaluated with spectroscopy UV-Vis (MTT) or 
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fluorescence (resazurin) after exposure of 24h with AuNRs, 
Gd-AuNRs, DOX IN-Gd-AuNRs, DOX ON-Gd-AuNRs, 
DOX alone (Figure 3) and results are summed up in Table 1.

IC50 of AuNRs without DOX or Gd3+, and IC50 of 
Gd3+ and DOX alone were measured in addition to those 
of the final theranostic DOX-Gd-AuNRs in order to dis-
tinguish the cytotoxicity of them.

Figure 3A displays the cytotoxicity of DOX alone with 
IC50 of 15.6 μM and 25.6 μM for respectively MIA PaCa- 
2 and TIB75 cells line. Figure 3B shows the cytotoxicity 
results of AuNRs. The IC50 for MIA PaCa-2 is 5.05 μM 
and 4.7 μM (in Au concentration) for TIB-75. The AuNRs 
are therefore mildly toxic for both cells lines.

Figure S4 in Supporting Information shows the cyto-
toxicity result of Gd-AuNRs.

As we can see in the table, the IC50 for MIA PaCa-2 is 
2.15μM and 2.05μM (Au) for TIB-75.

The cytotoxicity of Gd-AuNRs is 2 times higher than 
AuNRs.

As we can see in the Table 1, IC50 of the AuNRs is 
higher than IC50 of Gd-AuNRs by a factor of 2.35 
(2.15μM/5.05 μM in Au) which means Gd-AuNRs are 
therefore more toxic than AuNRs. This increase of toxi-
city can be explained by the amount of free Gd3+ 

released from the AuNRs after cells interaction or inter-
nalization compared with AuNRs (without Gd). However, 
the dosage of free Gd3+ by spectroscopic quantitative 
studies have shown a small (6%) of free Gd3+ in solution, 
providing a low toxicity coming from free Gd3+. The 
IC50 of Gd3+ for both cells lines are also very high 
(2947 μM and 2547 μM), showing that these small 
amount of Gd3+ remaining in solution is not the leading 
cause of cytotoxicity.

Figure 3C shows the cytotoxicity result of DOX IN-Gd 
-AuNRs. The IC50 for the MIA PaCa-2 is 0.045μM and 
0.158μM (DOX) for TIB-75. The cytotoxicity of DOXIN- 
Gd-AuNRs is also about twice to three times higher on 
pancreatic MIA PaCa-2 cell lines than on reference hepa-
tocytes TIB-75 cell lines, in coherence with the tumoral 
features of MIA PaCa-2 cells.

In literature, IC50 of DOX is 14.25 μM for MIA PaCa- 
2 cell line, here it is 320–390 times smaller when con-
jugated into the AuNRs.51 This result could be rationalized 
by the internalization of AuNRs inside the cells and that 
the high encapsulation into nanoparticles of DOX, 
increases its efficiency as antitumoral molecule by 
a factor of around 300, confirming the strong interest of 
the novel Gd-Au theranostic nanoparticles.

DOX ON-Gd-AuNRs
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Figure 2 (A) Percentage (%) of DOX released from DOX IN-Gd-AuNRs and (B) DOX ON-Gd-AuNRs overtime in PBS (37°C). Data are reported as average ± standard 
deviation (n= 3).
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Figure 3D shows the cytotoxicity result of DOX ON- 
Gd-AuNRs. The IC50 for MIA PaCa-2 is 0.037μM and for 
TIB-75 0.075μM (DOX). IC50 of DOX ON-Gd-AuNRs is 
similar to DOX IN-Gd-AuNRs. The efficiency of DOX 
ON-Gd-AuNRscan be due to facile release of the drug 
inside the cells as the drug is on the surface of Gd- 
AuNRs.30

To sum up, the cytotoxicity results of DOXIN-Gd- 
AuNRs and DOXON-Gd-AuNRs were translated by cal-
culating IC50 of each compound such as Gd3+, Au3+ and 
DOX of the AuNRs. The results show that the cytotoxi-
city comes mainly from DOX encapsulated in AuNRs. 
Plus as shown in the Table 1, the main interesting result 
from the cytotoxicity study is that the IC50 of Gd-AuNRs 

Figure 3 Cytotoxicity MTT tests with two cell lines (MIA PaCa-2, TIB-75); IC50 values are expressed at different concentrations of Au, Gd and DOX. (A) DOX alone; (B) 
AuNRs; (C) DOX IN –Gd-AuNRs; (D) DOX ON-Gd-AuNRs.

Table 1 IC50 in Two Cell Lines as Function of Au, DOX and Gd3+ Concentration (µm)

IC50 (μM) in MIA PaCa-2 and TIB-75 
Cell Lines/AuNRs Formulations

AuNRs Gd-AuNRs DOX-IN-Gd-AuNRs DOX-ON-Gd-AuNRs Gd3+ DOX

[Au] 5.05 2.15 0.32 0.16
4.70 2.05 0.89 0.45

[Gd] 96.61 12.76 6.90 2907
96.00 31.38 15.68 2547

[DOX] 0.05 0.04 15.61

0.15 0.07 26.56
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in DOX concentration is about 300 times more efficient 
than DOX alone, demonstrating the high potentiality pro-
vided by the Gd-AuNRs to vectorize the antitumoral 
molecule into the cells.

Release and Biological Mechanism of 
Internalization
As shown in the previous paragraph, only 6% of gadoli-
nium is free in colloidal solution. The IC50 of Gd3+ free is 
approximately 3000 μM or 3 mM. So we can conclude that 
the cytotoxicity comes from discharge of DOX inside the 
cells which can be translated as the internalization of 
nanoparticles and cells (Figure 3).

MRI
The r1relaxivity of the AuNRs has been measured and sur-
prisingly, the values at 7T were twice greater than commer-
cial DOTA Gd (Dotarem). As the dosage of free Gd3+ shows 
a low release of about 6% from the Gd-AuNRs and a stability 
of the structure of the AuNRs on keeping the complexed Gd3 

+ ions, this very promising value encouraged us to further 
pursue relaxivity and MRI experiments as a potential MRI 
contrast agent and theranostic scaffold. MRI Images of T1 

weighted sequence (Figure 4) display bright signal from Gd 
concentrated solutions in saline (arrow).

The T1 weighted and T2 weighted images recorded at 
7T of the various samples at increasing Gd3+ concentration 

Figure 4 Examples of T1 and T2 weighted MR images of Gd-AuNRs: alone (A and B), respectively, DOX IN-Gd-AuNRs (C and D).
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display clear hypersignal and hyposignal respectively, as 
expected for T1 and T2 contrast agents.

The measured relaxivities for all Gd-Au nanoparticles 
without and with DOX are unexpectedly high at 7T (Table 
2). We believe that these increased relaxivities are due to 
the combined water access to the inner sphere of the Gd3+ 

ions within the nanoparticle, which drives principally the 
r1 relaxivity. The Gd3+ water environment inside the poly-
meric should be similar to the one from the hydrated 
sphere of Gd3+ free in solution.

In 14 mM of Gd-AuNRs, 0.6–0.7mM of free gadoli-
nium (6%) contents were determined after 24h.52

The analysis of free Gd3+ shows that a minor 6% 
amount of free Gd3+ are released in solution and that the 
high relaxivities value are due to Gd3+ incorporated within 
the polymeric structure of the AuNRs, where water mole-
cules are also solubilized.

Moreover, the nanoparticles of Gd3+ complexes 
degrees of freedom related to the rigidity of the nanos-
tructure would reduce their tumbling rate leading to 
increased r1 relaxivity.

The high r2 values evidence the encapsulation of Gd3+ 

into the AuNRs in coherence with magnetic susceptibility 
effects of nanoparticles. There have been reports of 
nephrogenic systemic fibrosis (NSF) associated with the 
use of linear chelator-based CA in the past decade. For this 
reason, there are increasing demands for macrocyclic effi-
cient chelator-based CAs and such strategy will be applied 
to design a novel higher biocompatible theranostic 
nanoparticle.

Plasmonic Characterization
It is well known that the LSPR wavelength is determined 
by the AuNRs parameters like the shape, the size, the 
surrounding medium of the AuNRs and their chemical 
composition. Gold and silver are the most studied plasmo-
nic materials which have a maximum of the LSPR wave-
length in the visible and near infrared spectral region. 
However, one has to note that, among them, gold 

nanoparticles (AuNPs) are considered as the most viable 
biomedical materials due to their physical and chemical 
properties.53,54 In addition, several works show that some 
biomolecules are used to modify the surface properties of 
gold nanostructures.29,55 This important approach is a very 
attractive strategy, as it leads to a new generation of hybrid 
nanomaterials. It is also important to use large nanoparti-
cles in order to maximize the ratio between scattering and 
absorption cross sections of metallic nanoparticles. This is 
due to the fact that under quasi-static approximation, it can 
be obtained that the ratio between scattering and absorp-
tion of a spherical particle is proportional to d3, where d is 
the particle diameter.56,57 On the other hand, increasing the 
size of the nanoparticle leads to a red shift of the LSPR 
wavelength. In this case, gold nanorods (AuNRs) are very 
suitable agents for thermal destruction of cancer cells due 
to their photothermal heating ability.58–60 Figure 5 shows 
the extinction spectra of AuNRs in different dielectric 
environments (water, DOX and Gd3+).

As shown in the results, the extinction spectra of the four 
nanorods solutions have one high peak resonance corre-
sponding to the LSPR mode in the near-IR part (longitudinal 
resonance of the plasmons across the long axis of the NR, 
700–1000 nm) and a secondary damped peak in the green part 
of the spectrum (transversal resonance along the short axis of 
the NR at 526 nm). For DOX IN-Gd-AuNRs and DOX ON- 
Gd-AuNRs, the transversal mode is affected by the DOX 
absorption around 480 nm. Previous works demonstrated 
that the LSPR peak for noble metal nanoparticles is extremely 
sensitive to the external dielectric environment,61,62 espe-
cially the longitudinal mode in the case of AuNRs. As 
shown in Figure 5, AuNRs show a longitudinal LSPR peak 
at 725 nm, Gd-AuNRs and DOX ON-Gd-AuNRs at 868 nm, 
while for DOX IN-Gd-AuNRs, the LSPR peak is around 780 
nm. The LSPR peak is shifted to higher wavelength when the 
refractive index of the medium increases as expected.63

Photothermal Heating
Figure 6 shows the temperature elevation characteristic in the 
different solutions with and without AuNRs versus time, with 
concentrations of DOX (1.7 mM), Gd (40 mM), AuNRs (Au: 
0.577 mM), Gd-AuNRs (0.363 mM in Au), DOX IN-Gd- 
AuNRs, (0.341 mM in Au), DOX ON-Gd-AuNRs (0.341 
mM in Au). The different solutions were exposed to 0.5 W/ 
cm2 excitation laser density during 15 minutes at 808 nm 
wavelength to evaluate their temperature elevation in the 
perspective of photothermal therapy application. During 
laser heating of AuNRs suspended in buffer solution, the 

Table 2 Table of R1 and R2 Relaxivities Values Measured at 7T, 
273 K, Corrected with the ICP AES Elementary Analysis

Contrast Agents r1 r2 r2/r1

DOTAREM 4.0 3.9 1.1

Gd3+ 9.5 5 1.9

DOX-IN-Gd-AuNRs 9.7 14.5 1.5
DOX-ON-Gd-AuNRs 8.8 10.8 1.2
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near-infrared light absorbed by the AuNRs is converted to 
a thermal energy that leads to a rise of the nanoparticle 
temperature, hence, the surrounding medium (buffer).

As shown in Figure 6, the temperature of the control 
solutions (buffer, without AuNRs) is very weak (<0.4°C) 
due to the absence of the thermoplasmonic effect. While 

the temperature elevation of the four AuNRs solutions is 
much higher than the limit of 4°C (minimum temperature 
required for the photothermal effect).64 These results also 
show that, when the LSPR wavelength is close to the incident 
laser wavelength (808 nm), the optical-thermal energy con-
version can be significantly enhanced. The temperature ele-
vation in DOXIN-Gd-AuNRs (IN) solution (LSPR at 780 
nm) is higher than AuNRs solution (LSPR at 725 nm). The 
temperature elevation in the DOX ON-Gd-AuNRs solution 
(LSPR at 868 nm) is much lower than the temperature with 
DOX IN-Gd-AuNRs for the same reason.

Conclusion
In this paper, we have developed a novel theranostic nanopar-
ticle composed of gadolinium complexes to gold ions, with 
a PEG biopolymer matrix conjugated with antitumoral doxor-
ubicin, providing multifunctional therapeutic features. 
Exhaustive physicochemical characterization studies were 
conducted showing a mid size of 20 to 40 nm diameters 
obtained with low polydispersity, efficient synthesis using 
seed mediated synthesis with chelation reaction with high 
scale-up, long duration stability, specific doxorubicin release 
with acidic pH, strong photothermal abilities at 808 nm in the 
NIR transparency window, strong magnetic r1 relaxivities for 
positive MRI, well adapted for image-guided therapy and 

Figure 5 Normalized UV−Vis extinction spectra of AuNRs, Gd-AuNRs, DOXI 
N-Gd-AuNRs and DOX ON-Gd-AuNRs.

Figure 6 Time-dependant temperature elevation of AuNRs, Gd-AuNRs, DOX IN Gd-AuNRsDOXGd-AuNRs and DOX ON Gd-AuNRs, and control solutions (buffers 
alone: DOX and GdCl3) under 808 nm laser (0.5 W cm−2). The temperature elevation of NRs is higher than the minimum temperature required for PTT (+4 °C).
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therapeutical purpose in biological tissues. Particularly, these 
nano conjugates enhanced the cytotoxicity toward tumoral 
MIAPaCa-2 cells by a factor of 320 compared to doxorubicin 
alone. Moreover, MRI T1 features at 7T enables interesting 
positive contrast for bioimaging and their adapted size poten-
tial passive targeting to tumors by Enhanced Permeability 
Retention. Given these encouraging antitumoral and imaging 
properties, this bimetallic theranostic nanomaterial system 
represents a veritable promise as a therapeutic entity in the 
field of medicinal applications.
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