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Introduction

Carcinoma cells have a higher uptake of glucose compared to nor-
mal cells. This is due to their properties of hyper metabolism 
and relatively rapid proliferation [1]. This is also observed in tu-

mor cell membranes, with higher glucose transporter (Glut) expression 
such as Glut-1. Glut-1, is found in most tumor cell lines and tumor tis-
sues. Analogs, which have structural similarities with D-glucose, can 
also be transported by Glut-l to Glut-4. The high metabolic needs of 
tumor cells lead to increased uptake of these analogs. The ability of 
hexose phosphate isomerase to transform D-glucose-6-phosphate into 1, 
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ABSTRACT
Background: Glucose transporter (Glut), a cellular transmembrane receptor, has 
a key role in the metabolism of cell glucose and is also associated with various hu-
man carcinomas.
Objective: In this study, we evaluated a magnetic resonance (MR) imaging con-
trast agent for tumor detection based on paramagnetic gadolinium oxide (Gd2O3) 
coated polycyclodextrin (PCD) and modified with glucose (Gd2O3@PCD-Glu) for the 
targeting of overexpressed glucose receptors.
Material and Methods: In this experimental study, 3T magnetic resonance 
imaging (MRI) scanner was used to assess the specific interactions between Glut1-
overexpressing tumor cells (MDA-MB-231) and Gd2O3@PCD-Glu NPs. Furthermore, 
the capacity of transporting Gd2O3@PCD-Glu NPs to tumor cells was evaluated. 
Results: It was found that the acquired MRI T1 signal intensity of MDA-MB-231 
cells that were treated with the Gd2O3@PCD-Glu NPs increased significantly. Based 
on the results obtained, Gd2O3@PCD-Glu NPs can be applied in targeting Glut1-over-
expressing tumor cells in vivo, as well as an MRI-targeted tumor agent to enhance 
tumor diagnosis. 
Conclusion: Results have shown that glucose-shell of magnetic nanoparticles has 
a key role in diagnosing cancer cells of high metabolic activity.
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6-diphosphate is hampered by these analogs. 
Therefore, this hinders further metabolism. 
Positron emission tomographic (PET) stud-
ies with fluorodeoxyglucose have been able 
to utilize Glut-1 for imaging tumor tissues 
[2, 3]. Several diagnostic substances which 
are in tandem with the aforementioned target-
ing vectors have been developed and applied 
in different imaging modalities such as PET, 
single photon emission computed tomography 
(SPECT) [4, 5], optical imaging [6, 7], as well 
as magnetic resonance imaging [8, 9]. 

A useful imaging modality for distinguishing 
cancerous masses from non-cancerous masses 
is PET. It can also be used in the evaluation 
and staging of recurrent diseases (for instance 
cancer). Furthermore, PET scans are used to 
assess the effectiveness of a treatment method 
by assessing death of tumor cells or in terms 
of their sugar consumption [10]. A commonly 
used glucose analog in PET imaging is 2-flu-
oro-2-deoxy-D-glucose molecule (18FDG). It 
has been shown to be efficient in tumor meta-
bolic imaging; however, its clinical usage has 
been hindered as a result of high cost, inad-
equacy as well as difficulty in accessibility. 
Moreover, owing to the short half-life of posi-
tron emitting isotopes, PET imaging must be 
done within a very short period of time. The 
synthesis and chemical analysis of 18FDG are 
time-consuming and difficult.

MRI is an effective molecular imaging (MI) 
modality due to its high spatial resolution as 
well as tremendous soft tissue contrast. MI 
techniques facilitate the quantification of mo-
lecular changes related to the development 
of pathologic states, leading to early diagno-
sis of diseases like cancer [11]. However, as 
a result of MRI low sensitivity, acquired im-
ages could suffer from insufficient contrast, 
hence limitation of clinical applications. To 
enhance contrast as well as diagnostic accu-
racy, several exogenous contrast agents (CAs) 
have been developed and applied in MRI [12]. 
Compared to conventional contrast agents, 
nanoparticles offer several merits that one of 

them is loadability, in which the concentra-
tion of the imaging agent can be adjusted to 
suit the particular nanoparticle in the synthe-
sis process. Tunability is also another merit, 
in which the circulation time of the agent in 
the blood stream or a target organ can be elon-
gated. Lastly, nanoparticles have abilities to 
act as multifunctional MI agents because they 
have several features which can be utilized 
simultaneously in different imaging modali-
ties such as MRI [13]. Amongst the differ-
ent nanoparticles, gadolinium oxide (Gd2O3) 
nanoparticle is mostly used as a result of its 
large specific surface area and good paramag-
netic property (high spin magnetic moment, 
s=7/2), hence making it suitable for magnetic 
resonance imaging (MRI) [14]. A study by Br-
idot et al. [15] have shown the suitability of or-
ganic dye-functionalized Gd2O3 nanoparticles 
for both MRI and fluorescence imaging. Con-
versely, the introduction of a suitable polymer 
on the surface of MNPs is a way of overcom-
ing some shortfalls of Gd2O3 MNPs, including 
the strong dipole-dipole attraction between 
particles, safety and aggregation [16]. More-
over, efficient surface modification of MNPs 
offers protection to the magnetic core from the 
surrounding environment as well as inducing 
special physico-chemical properties. Hence, 
by attaching target groups, biological activi-
ties can be improved. Variations of MNPs 
with cyclodextrin (CD), a type of macrocyclic 
oligosaccharide, have been utilized in several 
ways due to favorable properties such as trun-
cated cone chemical structure with an internal 
hydrophobic cavity, outstanding biocompat-
ibility, non-toxicity, and biodegradability [17].

Earlier studies have been conducted towards 
improving the water solubility of Gd contrast 
agent by introducing various sugar groups into 
their structures [18, 19]. Further development 
of structures causing the use of glucose and 
galactose/mannose moieties have also been 
supported, by the latter used to improve tar-
geting in vivo and can also serve as substrate 
for native enzyme [20].
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Therefore, in present experimental study, 

CD and glucosamine on the surface of mag-
netic nanoparticles were spontaneously used 
and provided significant features for design-
ing nano-contrast agents and consequently en-
hanced their solubility and stabilization. They 
also facilitate a magnetically conductible sys-
tem to the target site as an alternative to 18FDG 
that has no radioactive half-life, widely avail-
able, cost effective, efficient anticancer ef-
fects, with very little side effects on normal 
human breast cells as well as highly precise in 
MRI oncology and cancer diagnosis at the ini-
tial stages. We also showed that these particles 
subsequently accumulate in the cytoplasm of 
MDA-MB-231 (Glut1 overexpressing tumor 
cells) examined by in vitro magnetic reso-
nance imaging.

Material and Methods
In this experimental study, breast cancer 

cell line MDA-MB-231 and mouse mam-
mary cancer cell lines (4T1), MCF-10A (non-
tumorigenic epithelial breast cell line) ), Dul-
becco’s modified Eagle’s medium (DMEM) 
and Roswell Park Memorial Institute medium 
(RPMI-1640) cell culture media  and DTPA, 
bare Gd2O3 NPs (<100 nm), β-cyclodextrine 
(CD) 1-ethyl-3-[3-(dimethylamino)-propyl] 
carbodiimide (EDC), N-hydroxysuccinimide 
(NHS), phosphate-buffered saline (PBS; 10 
mM, pH=7.4) were purchased from Pasteur 
Institute (Tehran, Iran), Gibcol (USA), fetal 
bovine serum HyClone (USA) and Sigma 
Aldrich (St. Louis, MO), respectively. We 
procured Gd-DOTA (Dotarem®) from Bayer 
Health Care Pharmaceuticals Inc. (Montville, 
NJ, USA), while additional materials were 
from Merck KGaA (Darmstadt, Germany).

Preparation of Gd2O3@PCD-DG NPs
The synthesis of DTPA-dianhydride
The process of synthesizing DTPA-dian-

hydride has been previously described [21]. 
Briefly, 7.6 mmol of DTPA 3 g was dissolved 
in dimethyl sulfoxide 10 mL, acetic anhydride 

20 mL, and pyridine 3 mL as a base under an-
hydrous conditions. In this step, the mixture 
was heated at 65 °C for 24 h. Afterwards, it 
was cooled, filtered, and washed twice in acetic 
anhydride and anhydrous diethyl ether. White 
powder was produced after drying the residue 
at constant weight under vacuum (52 kPa) at 
40 °C. Application of DTPA-bis-Anhydride 
(DTPA-DA) as monomer in condensation po-
lymerization endows the produced polyester 
with myriad acid and amide functional groups 
as selective gadolinium ions chelating agents 
preventing toxic gadolinium leakage.

Conjugation of D-glucosamine hy-
drochloride to Gd2O3/PCD (Gd2O3/
PCD-Glu)

Gd2O3 (0.3 g) was initially dispersed in an-
hydrous DMSO (10 mL). CD (0.1 mmol, 0.12 
g) was then added to the as-prepared disper-
sion followed by addition of 0.5 mL of dried 
triethylamine (TEA). The reaction mixture 
was stirred at room temperature for at least 
12 h under room temperature to form stable 
complex between hydroxyl group of CD and 
Gd2O3. Afterwards, DTPA-DA (0.78 mmol, 
0.28 g) was added to the mixture and stirred 
for another 12h. Gd2O3/PCD was centrifuged 
(12000 rpm) and washed three times with de-
ionized water and ethanol. Finally, white pow-
der was obtained and dried in a desiccator. 

Conjugation of D-glucosamine hydrochlo-
ride to Gd2O3/PCD (Gd2O3/PCD-Glu) was 
carried out using the following procedure: 
Briefly, to 0.7 g Gd2O3/PCD NPs dissolve in 
10mL dried DMSO, 0.4g l-ethyl-3-(3-dimeth-
ylaminopropyl) carbodiimide (EDC) and 0.3g 
N-hydroxysuccinimide (NHS) was added. The 
mixed solution was stirred under room tem-
perature for at least 12 h. Afterwards, 0.45 g 
(2.5 mmoL) of DG was added to the solution 
and stirred for another 12 h. The reaction mix-
ture was then centrifuged (9000 rpm) and the 
precipitate was washed three times with de-
ionized water and ethanol, and then dried.
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Characterization
The Fourier transform infrared (FTIR) spec-

tra were obtained via a Nexus 670 model FTIR 
spectrophotometer (Thermo Nicolet, USA) 
at 400-4000 cm-1 at room temperature using 
KBr pellets. 10 mg samples were heated from 
room temperature to 800 °C, at a heating rate 
of 10 °C/min in nitrogen. Zeta potential mea-
surements were conducted using a ZetaPALS 
instrument (Brooken Haven, USA). Nicomp 
380 ZLS Zeta potential/Particle sizer (PSS 
Nicomp, USA) was used for DLS analysis. 
The concentration of Gd was measured using 
inductively coupled plasma atomic emission 
spectroscopy (ICP-OES 730-ES, Varian). FEI 
Magellan 400 microscope was used to obtain 
the field emission scanning electron micros-
copy (FESEM) images. X’Pert PRO MPDP-
ANalytical (Netherlands) X-ray diffractom-
eter with Cu target (40 kV, 40 mA) was used 
to obtain the X-ray diffraction (XRD) patterns 
while JEM-1400 transmission electron micro-
scope (Japan) was used to obtain the transmis-
sion electron microscopy (TEM) images. The 
sample suspension was dropped on a 200 mesh 
copper grid deposited by carbon, and dried in 
air. VSM measurements were done by VSM 
7400 model (Lakeshore Cryotronics Inc., OH, 
USA). A 3 T MRI scanner (Siemens Prisma 
MRI Scanner using head coil) was used for all 
phantoms, in vitro, and in vivo MR imaging.

Hemolysis assay
The procedures of a previously reported 

method were followed in evaluating the hemo-
lytic activity of the prepared samples against 
human red blood cells (HRBCs) [22]. Briefly, 
centrifugation of fresh human blood stabilized 
with EDTA was carried out at 2000 rpm for 10 
min to remove plasma as supernatant, while 
the resulting precipitate was rinsed in PBS 
(pH 7.4) and washed four times. Afterwards, 
PBS was used to dilute the RBC suspension 
10 times. 200 µL of the diluted HRBCs sus-
pension was added to 800 µL of each Gd2O3@
PCD-Glu sample at different concentrations 

(1.95–1000 mg mL-1) as well as positive (800 
µL Triton X100, 2% v/v) and negative (800 
µL of PBS buffer, pH 7.4) controls. Incuba-
tion of these samples lasted for 2 h at room 
temperature with moderate shaking. Lastly, 
centrifugation of all samples at 10000 rpm for 
2 min was done, in addition to measuring the 
absorbance of supernatant (hemoglobin) via 
UV-visible spectrophotometer at 541 nm. The 
following equation was used to calculate the 
hemolytic activity percentage of the various 
samples:

)

( )
Hemolysis% 100

(
Sample Ctrl

Ctrl Ctrl

Abs Abs
Abs Abs

−

+ −

−
= ×

−

Cell culture
The Dulbecco’s modified Eagle’s medium 

(DMEM) supplemented with 10% of fetal 
bovine serum (FBS), 100 U/ml of penicillin 
and 100 μg/mL of streptomycin at 37 °C in 
a humidified incubator with 5% of CO2, was 
used to incubate MCF-10A (epithelial normal 
breast) cells lines as well as Glut1-overex-
pressing MDA-MB-231 (breast carcinoma) 
[9]. For in-vivo experiments, mouse mam-
mary cancer cell lines (4T1) were cultured in 
RPMI-1640 + FBS 10%.

Cytotoxicity assay
MTT method was used to assess the cytotox-

icity of Gd2O3@PCD-Glu in MDA-MB-231 
cells. In brief, 2 × 104 cells per well were 
seeded in 96-well plates for 24 h at 37 °C. A 
culture medium was then replaced with a fresh 
DMEM medium of varying concentrations of 
NPs (0, 1.5, 3.12, 6.25, 12.5, 25, 50,100 µgr/
mL). 24 and 48 h after incubation, 10 μl of 
MTT in a concentration of 5 mg/mL was add-
ed to each well. This was followed by incuba-
tion of the cells for an additional 4 h at 37 °C. 
Lastly, ELISA reader Thermo Multiscan MK3 
at 570 nm, was used to measure the reaction 
mixture on each of the 96-well culture plate. 
All experiments were conducted in triplicate. 
The rate of survival was calculated using the 
following equation:
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( )

( )

% 100treat

control

OD
Viability

OD
= ×

OD(treated) represents the absorbance of cells 
incubated by nanoparticles while OD(control)  
signifies absorbance of cells without 
nanoparticles.

Relaxivity Measurements 
The diagnostic ability of Gd2O3@PCD-Glu 

NPs and Dotarem (clinical MRI contrast agent 
as a control), was evaluated according to the 
protocol of phantom imaging [23, 24]. Phan-
tom agar gels of Gd2O3@PCD-Glu NPs and 
Dotarem were obtained from 2.5% w/v agar 
solutions in PBS (0.1 M, pH 7.4) with varying 
concentrations (0–0.64 mM (Gd), determined 
by ICP-MS). The imaging parameters used for 
measurements of T1 and T2 relaxation times 
include external field (H) = 3 T, temperature 
= 22 Cº, NEX = 3, slice thickness = 5 mm, 
flip angle of 90°, the number of signal aver-
ages of 3, field of view 128 × 128 mm2, and 
metric sizes 256 × 256, spacing (gap) = 1 cm, 
and bandwidth = 15.63. T1 relaxation time for 
each sample was obtained by varying repeti-
tion times (TR = 50, 200, 400, 600, 800, 1100, 
1300, 1500, 1800, 2000 ms) with fixed echo 
time at TE = 11 ms. Similarly, T2 relaxation 
times were measured by varying echo times 
(TE = 10, 30, 60, 90, 130, 170, 210, 240, 270, 
350 ms) and fixed TR = 3,000 ms. The signal 
intensities of each sample were obtained us-
ing the manual approach of drawing their re-
gions of interest. Monoexponential curve fit-
ting of signal intensity against time (repetition 
or echo times) was applied in calculating the 
relaxation rates (R1 = 1/T1 and R2 = 1/T2). The 
values of specific relaxivity (r1 and r2) were 
obtained by fitting the curve of 1/T1 and 1/T2 
(s-1) against the concentration of Gd (mM) in 
agar gels, respectively.

MDA-MB-231 cells magnetic reso-
nance imaging

In order to evaluate the targeting ability of 

Gd2O3@PCD-Glu NPs in in-vitro, MDA-
MB-231 cells (of density = 1 × 106 cells/well) 
were seeded into 6-well plates with 2 ml fresh 
medium. It was incubated afterwards at 37°C 
and 5% CO2 overnight to achieve cell conflu-
ence. This was later substituted with a fresh 
non-glucose medium (2 mL) with PBS (con-
trol), Gd2O3@PCD-Glu with Gd+3 concentra-
tions of 0, 12.5, and 50 μg/mL. Cells were in-
cubated at 37°C and 5% CO2 for a further 6 h. 
The choice of Gd+3 concentrations was accord-
ing to the acceptable cytotoxicity of the MTT 
assay. Then, the cells were washed with PBS 
5 times, trypsinized, centrifuged, and resus-
pended in 1 ml PBS (containing 0.5% agarose) 
in 2 ml Eppendorf tubes for MR imaging. A 3 
T Siemens Prisma system was used for all MR 
imaging. Conventional spin-echo sequence 
with the following inputs: TR/TE =500/12 ms, 
220 × 320 matrices, 82× 120 mm field of view, 
140 Hz/Px of bandwidth, and slice thickness 
of 3 mm was used for the acquisition of T1-
weighted images [11].

In vivo MRI tumor imaging studies 
The conduct of all animal studies was in ac-

cordance with relevant national and interna-
tional guidelines of Tehran University of Med-
ical Sciences (Approval number: IR.TUMS.
REC.1394.1461). Ten female BALB/c mice 
(6–8 weeks old, 20-25 g) were purchased from 
Iran Pasteur Institute. They were housed under 
constant 12-h dark and light cycles, in addition 
to standard diet and water ad libitum. All ani-
mals were randomly assigned to two groups (5 
in each): the experimental and control groups. 
Each animal was xenografted in the right fore-
leg muscle with 2 × l06 (4T1). Two weeks af-
ter grafting, the tumors had reached a size of 
about 1-2 cm in diameter.

The T1-contrast ability of Gd2O3@PCD-Glu 
NPs for targeted imaging of an in vivo tumor 
model was verified using mouse mammary 
cancer cell lines (4T1), collected via incuba-
tion with 0.05% trypsin-EDTA. They were 
centrifuged and resuspended in 0.2 mL PBS. 
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Afterwards, 2 ×106 cells were subcutaneously 
implanted into the right flank of each mouse. 
Two weeks later, the diameter of the xeno-
grafted tumor ranged between 1.0-2.0 cm. A 
3 T Siemens Prisma system was also used for 
In vivo MR imaging. A 250 µL of the Gd2O3@
PCD-Glu NPs suspension was administered to 
mice through tail vein injection at a dose of 
0.1 mg/kg Gd of body weight [25]. Dotarem 
was used in the control group. The T1-weight-
ed MR images were acquired before and 30 
min, 1 h and 6 h after administration using a 
conventional spin-echo sequence with the fol-
lowing parameters: TR: 600 ms; TE: 8.6 ms; 
FA: 150°; slice thickness: 2 mm; FOV: 110 
mm; matrix size: 192 × 154 and NEX: 6.

For quantitative data analysis of T1-weighted 
images, the serial post-injection MRI images 
were processed into DICOM (digital imaging 
and communication in medicine) images us-
ing Dicom Works Software (v 1.3.5) [26, 27]. 
The contrast-to-noise ratio (CNR) at different 

time points was obtained by manually placing 
the region of interest (ROI) around the tumor.

Statistical analysis
All data were presented as mean ± standard 

error of the mean (SEM), while star mark  was 
used to denote statistical significance (p<0.05) 
between groups as determined by two-tailed 
T-test assuming unequal variances when 
comparing two groups, unless particularly 
outlined. Significant differences (p<0.05) be-
tween multiple groups were determined using 
ANOVA.

Results

FTIR analysis
The FTIR spectra of DTPA-DA, Gd2O3, 

Gd2O3@PCD, and Gd2O3@PCD-Glu are 
shown in Figure 1. The FTIR spectrum of 
Gd2O3 core (Figure 1) shows peaks around 
1492 cm-1, 1393 cm-1 and 540 cm-1 which are 

Figure 1: FTIR spectra of (a) CD, DTPA-DA and PCD. (b) Gd2O3, Gd2O3@PCD and Gd2O3@PCD-Glu 
NPs. (c) FE-SEM and (d) TEM image of Gd2O3@PCD-Glu NPs.
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related to the Gd=O, Gd-O-Gd and Gd-O vi-
brations, respectively. The FTIR spectrum of 
DTPA-DA shows the bands at around at 1822, 
1776 and 1113 cm−1 which are attributed to the 
asymmetric and symmetric stretching vibra-
tions of C=O and C-N stretching in anhydride 
[28] (Figure 1a). The bands of C=O stretching 
vibrations (1739 cm−1 and 1634 cm−1), in FTIR 
spectrum of Gd2O3 @PCD and attributed to 
ester and carboxylate groups, confirmed the 
presence of PCD moieties on the surface of 
the core Gd2O3 [29] (Figure 1b).

For Gd2O3@PCD-Glu (Figure 1b), the FTIR 
spectrum showed that the characteristic peaks 
of Gd2O3 and the polymer layer have been 
preserved. The appeared band at around 1130 
cm−1 indicated an attachment of Glucoseamine 
to the surface of Gd2O3 @PCD.

Morphological analysis of NPs 
Morphology and size assessment of the pre-

pared samples were evaluated using FE-SEM 
and TEM analysis. As shown in Figures 1(a) 
and (b), Gd2O3@PCD-Glu NPs are spherical 
in shape and seemed to be uniform, which is 
in good agreement with the results of DLS 
analysis. Slight differences between data from 
FE-SEM and DLS could be as a result of the 
various processes involved in preparing the 
samples [30].

Dynamic light scattering (DLS) and 
Zeta potential analysis

DLS analysis was used to obtain the hydro-
dynamic size as well as size distribution of the 
prepared samples. Mean diameter of Gd2O3 
and Gd2O3@PCD-Glu NPs was 91±5.3 nm 
(PDI= 0.321) and 118±6.2 nm (PDI= 0.277), 
respectively (Table 1). The particle size of the 

prepared polymer was useful in passive tumor 
target delivery of drugs loaded in NPs as a re-
sult of enhanced permeability and retention 
effect (EPR) [31], in addition to decreasing 
reticuloendothelial system (RES)-mediated 
clearance and avoiding renal filtration [32]. 
Polydispersity index (PDI) < 0.5 gave an indi-
cation of the suitable size distribution of NPs. 
Evaluation of the surface charge of the pre-
pared NPs was carried out by measuring the 
surface zeta potential. Zeta potential values 
of Gd2O3 and Gd2O3@PCD-Glu shifted from 
+23.1mV to -5.06mv due to surface modifica-
tion of Gd2O3 with cyclodextrin moieties as 
well as hydroxyl and carboxyl groups of the 
polymer coating layer.

VSM analysis
The magnetic properties of Gd2O3 and 

Gd2O3NPs were evaluated using a vibrating 
sample magnetometer (VSM) at RT (300 K) 
(Figure 2). The amounts of magnetic satura-
tion values (σs) of Gd2O3 and Gd2O3@PCD-
Glu were 1 and 0.56 emu/g, respectively, 
hence indicating the paramagnetic property of 
the synthesized nanoparticles (linear relation-
ship between magnetization (M) and applied 
field (H) with positive slope) [33]. The rea-
sonable decrease in magnetization values of 
modified NPs can be attributed to the applica-
tion of non-magnetic organic moieties (PCD) 
on the surface of the Gd2O3 [34]. 

Hemolysis assay
Strict hemolysis could result in serious prob-

lems. Hence, hemolysis assay was done for 
Gd2O3 and Gd2O3@PCD-Glu NPs in order to 
evaluate their biosafety and toxic effects on 
erythrocytes [22]. Figure 2(c) shows the he-

Nanoparticle Hydrodynamic diameter(nm) PDI Zeta potential(mv)
Gd2O3 91± 5.3 0.321 +23.1

Gd2O3@PCD-Glu 118±6.2 0.277 -5.06

Table 1: DLS size, PDI and zeta potential of the Gd2O3 and Gd2O3@PCD-FA-DOX NPs.
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mocompatibility of Gd2O3@PCD-Glu NPs 
similar to the negative control (PBS), which 
resulted in sedimentation. Whereas, hemolysis 
activities with no sedimentation were observed 
for the HRBCs treated with Triton X100 (2% 
v/v) (positive control). In addition, hemolytic 
activity of Gd2O3@PCD-Glu in the studied 
concentration range (1.95–1000 mg/mL) was 
less than the standard acceptance limit of 5%.

XRD analysis
Figure 2(d) shows the XRD patterns of 

Gd2O3 and Gd2O3@PCD-Glu NPs. The ob-
served characteristic peaks of Gd2O3 was in 
consonance with that of a previous study [35]. 
It also showed that the crystalline structure of 
Gd2O3 was maintained after polymerization 
and glucoseamine conjugation processes.

Relaxivity measurement
To evaluate the potential application of 

Gd2O3@PCD-Glu NPs as a new contrast 
agent, T1-T2-weighted MRI images were per-
formed in aqueous suspensions of the NPs at 

certain concentrations. In Figure 3, Gd2O3@
PCD-Glu showed more efficient contrast en-
hancement than that of Dotarem at the same 
concentration. The molecular structure of 
PCD as a coating agent is a reason for this rise 
in magnetic resonance sensitivity of Gd2O3@
PCD-Glu. PCD is composed of several hy-
droxyl groups. As a result, it attracts water 
molecules, increases local water density, and 
also improves the rate of water exchange of 
Gd2O3@PCD-Glu [36, 37]. These in vitro MR 
imaging results implied that Gd2O3@PCD-
Glu would produce same imaging effects with 
commercial contrast agent, Dotarem, by de-
creasing its dose. Gd-based complexes always 
are limited by adverse effects such as nephro-
genic systemic fibrosis. However, a decrease 
in the agent’s dose improves its clinical safety 
[38]. Quantitative analysis was done by mea-
suring the values of the longitudinal relaxation 
time (T1) for different concentrations of Gd 
complex in aqueous. Figure 3 shows that the 
increased concentration of Gd2O3@PCD-Glu 
and Dotarem led to a decrease in T1 and an 

Figure 2: Magnetization curves of (a) Gd2O3 (b) Gd2O3@PCD-Glu. Magnetization (emu/g) plotted 
as a function of the applied field. (c): Hemolytic activity of Gd2O3@PCD-Glu NPs at concentra-
tion range of 1.95–1000 mg/mL (right to left). (d) XRD pattern of the Gd2O3@PCD-Glu NPs.

32



J Biomed Phys Eng 2020; 10(1)

increase in longitudinal relaxation rate R1 (R1 
= 1/T1). At the same time, Gd2O3@PCD-Glu 
demonstrated a shorter T1 values than Dota-
rem at the same concentration. longitudinal 
(r1) and teransverse (r2) relaxivities of the par-
ticles were calculated by measuring the relax-
ation rate as a function of Gd ions concentra-
tion. Calculated r1 value for Gd2O3@PCD-Glu 
was 4.86 mM−1 • s−1 which was more than that 
of Dotarem (2.79 mM−1 • s−1).

In vitro cytotoxicity assay
Cytotoxicity of the target sample against 

MCF-10A epithelial normal breast and can-
cerous breast carcinoma MDA-MB-231 cells 
at treatment times of 24 and 48 h was car-
ried out using MTT assay. As illustrated in  
Figure 4(a), cytotoxicity of Gd2O3@PCD-Glu 
against MCF-10A cells, as compared to con-
trol was about 7% after 24 h (p > 0.05) and 
13% after 48 h (p < 0.05) at concentration 
of 100 μg/mL, revealing their biocompatible 
property. It could be proposed that Gd2O3 coat-
ing with PCD led to a reduction in Gd leakage. 
For MDA-MB-231 cells (Figure 4(b)), cyto-
toxicity of Gd2O3@PCD-Glu NPs, in compari-
son with control, was about 10% after 24 h (p 
< 0.05) and 21% after 48 h (p < 0.05) at con-

centration of 100 μg/mL.

In vitro MR imaging
The use of Gd2O3@PCD-Glu as the probe 

for the in vitro MR imaging of MDA-MB-231 
cells was evaluated. Dotarem was also inves-
tigated similarly for comparison. Figure 4(c) 
and (d) shows T1-weighted MR images of 
MDA-MB-231 cells before and after treat-
ment with Gd2O3@PCD-Glu or Dotarem for 
6 h. For the MDA-MB-231 cells treated with 
Gd2O3@PCD-Glu, the in vitro MR signal in-
tensities (Figure 4c) were found to have a sig-
nificant increase when compared to untreated 
control cells or the cells treated with Dotarem. 
In contrast, Dotarem had no effects in the MR 
signal intensity.

In vivo MR imaging
Further investigation was conducted using 

Gd2O3@PCD-Glu as the probe for in vivo 
MR imaging of 4T1 tumors in comparison 
to Dotarem for similar objective. Significant 
visualization of tumors was observed for 
both Gd2O3@PCD-Glu and Dotarem, fol-
lowing intravenous injection of an aqueous 
suspension of Gd2O3@PCD-Glu or Dotarem 
in PBS into tumor-bearing mice. Axial T1-

Gd2O3@PCD-Glu as a Novel MRI Contrast Agent

Figure 3: (a) T1 and (b) T2 relaxivity plot of aqueous suspension of Gd2O3@PCD-Glu NPs and Dot-
arem. (c) T1-weighted and (d) T2-weighted MR images of Gd2O3@PCD-Glu at 3.0 T MR system.

33



J Biomed Phys Eng 2020; 10(1)

weighted images of the tumor enhanced by the 
Gd2O3@PCD-Glu or Dotarem are shown in  
Figure 5. As illustrated in Figure 5, the CNR 
of tumor for Gd2O3@PCD-Glu increased from 
0.89±0.23 to 4.85±1.01 within 1 h after injec-
tion and gradually reduced to 1.99±0.36 with-
in 6 h. There was a steady rise in the CNR of 
tumor with time, up to a peak value after 1 h. 
Afterwards, a steady decline in the CNR was 
observed, and attained baseline after 6 h (p = 
0.64). In contrast, in the control group, CNR 
for the mice under the same treatment does not 
increase obviously over time post-injection 
and achieved 1.22±0.23, 1 h after injection 
and reduced to 0.95±0.22 after 6 h (Figure 5c, 
P-value <0.05).

Discussion
In present study, the choice of DTPA as 

monomer for preparing cyclodextrin-based 

polymer as a coating agent was due to its 
availibiltiy, low cost, simple polymerization 
method as well as proper affinity towards Gd+3 
ions. Polymerization was accomplished be-
tween β-CD and DTPA-DA in the presence of 
naked Gd2O3 NPs resulting in CD-based poly-
ester containing appropriate functional groups 
for chelating of Gd2O3 core as well as further 
functionalization. Glucoseamine was then 
conjugated to the appeared acidic groups on 
the surface of Gd2O3 NPs to enhance the con-
trast agent’s targeting ability. In addition, the 
inductively-coupled plasma atomic emission 
spectroscopy (ICP-AES) results showed that 
the Gd concentration on the final NPs was ap-
proximately 60%. Generally, it is believed that 
owing to the strong chelating ability of DTPA 
towards Gd+3 ions [39], DTPA was selected as 
monomer to prepare cyclodextrin-based poly-
mer as a coating agent.

Mortezazadeh T., Gholibegloo E., Riyahi Alam N. et al

Figure 4: Cytotoxicity of Gd2O3@PCD-Glu nanoparticles measured by MTT assay in MCF 10A 
(a) and MDA-MB-231 (b) cells after 24 and 48 h incubation. Data is expressed as mean ± S.E.M. 
(n = 3). (c) Signal intensity analysis for T1-weighted MR images. (d) T1- weighted MR images of 
Gd2O3@PCD-Glu and Dotarem in MDA-MB-231 cells at different concentration of NPs after in-
cubation for 6 h on 3T MR system.
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It has been shown by studies that negatively 
charged NPs have poor propensities to absorb 
plasma proteins. Furthermore, their stability in 
blood circulation is better compared to posi-
tively charged NPs. This is because adsorption 
of protein leads to rapid clearance of NPs from 
blood circulation by microphages [40, 41]. 
Also, negatively charged surfaces are consid-
erably less hemolytic compared to positively 
charged surfaces [42].

Cytotoxicity results showed that Gd2O3@
PCD-Glu NPs had less cytotoxicity against 
MCF-10A normal breast cells with respect to 
cancerous MDA-MB-231 cells due to higher 
metabolic rate and reproduction of cancerous 
cells compared to normal cells. In other words, 
attachment of Glucoseamine to Gd2O3@PCD 
increased cellular uptake of Gd2O3@PCD-Glu 
through phospholipid cell membrane. This 
could probably be due to the overexpression 
of Glut-1 receptors over the MDA-MB-231 

cell surface, leading to more accumulation in 
the cytoplasm [9]. Increased uptake of these 
analogs was a result of the increased metabol-
ic needs of the tumor cells.

Relaxivity measuements exhibited that in-
troduction of PCD could be led to an increase 
in the molecular weight of contrast agent, 
extension of rotation time and consequently 
increased the relaxivity. According to litera-
ture, polar C=O groups in the polymer coating 
layer endow the contrast agent with acceptable 
water accessibility [43]. In some cases, poor 
water accessibility to the intraparticular Gd+3 

ions inside the polymer can compromise the 
performance of T1-weighted MRI [44]. This 
challenge can be tackled using porous materi-
als through which a water molecule can travel 
from the bulk water into the interior space [45, 
46]. Proper relaxivity of Gd2O3@PCD-Glu in 
our study after coating with PCD as a hydro-
philic polymer layer could be due to the pres-

Figure 5: T1-weighted images of Mice tumor injected with (a) Gd2O3@PCD-Glu NPs and (b) Dota-
rem. (c) CNR analysis for T1-weighted images in tumor. Data represent mean ± SEM (n = 5), P-
value < 0.05.
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ence of polar carbonyl groups on the surface 
of Gd2O3 core. Water molecules easily dif-
fused across this porous membrane. 

Based on in vitro MRI results, our design 
facilitates significant targeting uptake of the 
particles in MDA-MB-231 cells overexpress-
ing Glut1. In vivo MR imaging results indi-
cate that Gd2O3@PCD-Glu could clearly and 
selectively enhance the contrast at the tumor 
area in T1-weighted MR images which could 
be due to targeting ability of NPs because of 
over-expression of Glut-1 receptors over the 
cell surface. Cancer cells require more glucose 
compared to normal cells due to their hyper 
metabolism and high rate of proliferation [47]. 
Gd2O3@PCD-Glu, having structural simi-
larities with D-glucose, can be transported by 
Glut-l to Glut-4. An increase in the uptake of 
these analogs due to increased metabolic needs 
of tumor cells is observed during this period. 
Ethylenedicysteine-deoxyglucose (EC-DG), 
a glucose derivative, was developed by Yang 
et al. [48]. Their findings showed that it is in-
volved in growth as well as proliferation of 
cells. Due to the similarities in the pathway(s) 
of glucosamine and glucose, it facilitates post-
treatment follow-ups.

Conclusion
In summary, a new gadolinium (III)-based 

complex Gd2O3@PCD-Glu as a novel nano-
contrast agent was successfully synthesized 
for MR molecular imaging. They have proper 
paramagnetic property, cyto-compatibility, 
blood-compatibility and high magnetic re-
laxivity for MR imaging and were suitable 
for intravenous injection. In terms of r1 and 
T1-weighted in vitro imaging, Gd2O3@PCD-
Glu gave a better relaxation performance 
compared to commercial Dotarem. Hence, 
Gd2O3@PCD-Glu could serve as an efficient 
probe for targeted MR imaging in vitro as well 
as xenografted animal model tumors in vivo. 
The use of Gd2O3@PCD-Glu could allow for 
early detection of primary tumors as well as 
tumor metastasis. It also shows great promise 

in monitoring the reappearance of tumors.
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