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Abstract
Objectives In this study, a novel targeted MRI contrast agent was developed by coating gadolinium oxide nanoparticles 
 (Gd2O3 NPs) with β-cyclodextrin (CD)-based polyester and targeted by folic acid (FA).
Materials and methods The developed  Gd2O3@PCD–FA MRI contrast agent was characterized and evaluated in relaxivity, 
in vitro cell targeting, cell toxicity, blood compatibility and in vivo tumor MR contrast enhancement.
Results In vitro cytotoxicity and hemolysis assays revealed that  Gd2O3@PCD–FA NPs have no significant cytotoxicity after 
24 and 48 h against normal human breast cell line (MCF-10A) at concentration of up to 50 µg  Gd+3/mL and have high blood 
compatibility at concentration of up to 500 µg  Gd+3/mL. In vitro MR imaging experiments showed that  Gd2O3@PCD–FA 
NPs enable targeted contrast  T1- and  T2-weighted MR imaging of M109 as overexpressing folate receptor cells. Besides, 
the in vivo analysis indicated that the maximum contrast-to-noise ratio (CNR) of tumor in mice increased after injection of 
 Gd2O3@PCD–FA up to 5.89 ± 1.3 within 1 h under  T1-weighted imaging mode and reduced to 1.45 ± 0.44 after 12 h. While 
CNR increased up to maximum value of 1.98 ± 0.28 after injection of  Gd2O3@PCD within 6 h and reduced to 1.12 ± 0.13 
within 12 h.
Conclusion The results indicate the potential of  Gd2O3@PCD–FA to serve as a novel targeted nano-contrast agent in MRI.
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Introduction

Magnetic resonance imaging (MRI) is one of the power-
ful modalities for noninvasive visualization and quantifica-
tion of biological processes within the living organisms. 

Distinguishing disease tissue from normal, MRI provides 
important graphical images of the human body through the 
principles of nuclear magnetic resonance. Furthermore, 
excellent image resolution, specific morphological and 
functional imaging, as well as the absence of ionization 
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radiation, make MRI a unique and popular technique com-
pared to others [1, 2]. However, the low sensitivity of MRI 
is the main drawback of this technique causing poor contrast 
between different tissues. This problem originates from the 
fact that the difference between the numbers of atoms in 
the high- and low-energy states is negligible; so, compared 
with other imaging modalities, this is one of the drawbacks 
of MRI application [3]. To improve visibility and sensitivity 
of tissue and overcome low sensitivity of diagnostic exami-
nations, a number of exogenous contrast agents (CAs) have 
been so far developed and applied in MRI studies [4]. The 
most widely clinically applied MRI contrast agents are gado-
linium (Gd)-based compounds producing a positive contrast 
which mainly consist of central  Gd3+ ion complexes with 
chelating ligand [5]. Notwithstanding all advantages of com-
monly applied  Gd3+ complexes, they suffer from the release 
of gadolinium ion causing serious adverse effects such as 
nephrogenic systemic fibrosis and long-term deposition in 
brain tissue which forced food and drug administration to 
limit the use of such agents [6]. Nanotechnology bestowed 
stability, selectivity and biocompatibility on Gd-based CAs 
by small size, high surface area, easy labeling, stable coating 
and subsequently high bioavailability [7]. The size and sur-
face properties of the nano-CAs could be easily controlled 
to specifically deliver high payloads of the active contrast 
agents to the target tissue and generate higher image contrast 
than that of commercially available CAs without leakage of 
toxic Gd ions [8]. Several studies have been rapidly expand-
ing on Gd-containing nanoparticles (NPs) as effective con-
trast agents in preclinical and clinical applications [9, 10].

Various polymer coatings and inorganic materials have 
been investigated for surface modification of the  Gd2O3 NPs 
to control leakage of Gd ions and enhance blood compat-
ibility of the system resulting in high circulation time and 
sufficient targeting without toxicity [11–14]. So, the choice 
of suitable coating agent as surface modifier is one of the 
most important steps in the designing of Gd-based CAs. 
β-Cyclodextrin (CD) is a water-soluble cyclic oligosac-
charide which contains a hydrophilic outer surface and a 
lipophilic central cavity and has gained interest due to its 
attractive cavity size, efficient drug loading, availability, 
biocompatibility and relatively low expense [15, 16]. These 
valuable features make CD a perfect coating agent to be 
applied in NP modification [17].

One of the most important aspects in the use of nanoparti-
cles as contrast agent is the opportunity to target a desired area. 
Active targeting can efficiently promote NP internalization 
via receptor-mediated endocytosis and increase the efficacy 
of the payloads. Targeted contrast agents can improve tissue 
discrimination and provide more information about specific 
tissues [18, 19]. The ligand-mediated targeting depends on the 
affinity of the ligands on the surface of the nano-CAs leading 
to improve cellular uptake by the targeted receptors that are 

overexpressed on the diseased tissues or cells [20]. A variety 
of specific receptors has been identified as markers for target-
ing nanotherapeutics to cancer tissues, cells or even specific 
organelles within them. Among several targeting agents, folic 
acid (FA) as a water-soluble vitamin has attracted a great deal 
of attention due to its easy conjugation and high affinity to the 
large number of cancer cells bearing folate receptors [21, 22].

In the light of the above information, herein gadolinium 
oxide NPs were coated with FA-conjugated CD-based pol-
yester (PCD). Although various FA-functionalized  Gd2O3 
have been introduced as a targeted CA [23–25], this is 
the first report in which FA–PCD conjugate was applied 
for  Gd2O3 decoration to produce targeted biocompatible 
CA which could be employed for targeted cancer imaging. 
Thanks to the high specific surface area achieved by gado-
linium oxide NPs and hydrophilic character of CD-based 
polyester layer, the high accessibility of water molecule to 
the core of  Gd2O3 and consequently acceptable relaxivity 
could be expected, which is essentially beneficial in enhanc-
ing MR imaging. Also, application of DTPA-bis-anhydride 
(DTPA-DA) as monomer in condensation polymerization 
endows the produced polyester with myriad acid and amide 
functional groups as selective gadolinium ion chelating 
agents preventing toxic gadolinium leakage [26] and pro-
viding proper functionality for further functionalization. 
Moreover, the hydrophobic cavity of the CD suggests that 
the designed NPs could be exploited for loading of appro-
priate hydrophobic cargo via inclusion complexation and 
could be also introduced as a promising system utilizable 
as theranostic.

Materials and methods

Materials

DTPA, bare  Gd2O3 NPs (< 100 nm), folic acid (FA) and 
β-cyclodextrin (CD), and media recipes for MCF-10A and 
M109 cells were purchased from Sigma-Aldrich Co (USA). 
Gd-DOTA (Dotarem®) was obtained from Bayer Health 
Care Pharmaceuticals Inc. (Montville, NJ, USA). Other 
materials were purchased from Merck KGaA (Darmstadt, 
Germany). Breast normal (MCF-10A) and M109 (malig-
nant tumors of the mouse pulmonary system) cell lines were 
provided from National Cell Bank of Pasteur Institute, Iran 
(IPI).

Synthesis

Preparation of DTPA‑bis‑anhydride (DTPA‑DA)

A modified procedure described in the literature was 
applied for the preparation of DTPA-bis-anhydride (DTPA-
DA) [27–29]. Briefly, 0.125 mol of DTPA was mixed with 
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0.558 mol of dried acetic anhydride and 0.770 mol of dried 
pyridine. The resulting suspension was stirred for 24 h at 65 
°C. Then the solid was filtered, washed with diethyl ether, 
and dried under vacuum.

Preparation of PCD‑coated Gd2O3 (Gd2O3/PCD)

Briefly,  Gd2O3 (0.3 g) was initially dispersed in dried DMSO 
(10 mL). CD (0.1 mmol, 0.12 g) was then added to the as-
prepared dispersion followed by the addition of 0.5 mL of 
dried triethylamine (TEA). The reaction was allowed to stir 
for 12 h to form a stable complex between hydroxyl group 
of CD and  Gd2O3. In the next step, DTPA-DA (0.78 mmol, 
0.28 g) was added to the mixture and stirred for another 12 h. 
 Gd2O3/PCD was centrifuged (12,000 rpm) and washed three 
times with deionized water and ethanol, and finally dried in 
desiccator.

Conjugation of folic acid to Gd2O3/PCD (Gd2O3/PCD–
FA)

Hydrazine derivative of FA (FA-NH2) was initially syn-
thesized according to the previously reported method [30]. 
FA-NH2 was then conjugated on the surface of  Gd2O3/PCD 
through EDC/NHS amidation to achieve targeted nano-CA 
 (Gd2O3/PCD–FA). Briefly, 0.05 g of the prepared  Gd2O3/
PCD was dissolved in 10 mL DMSO. EDC (0.04 g) and 
NHS (0.03 g) were added to the mixture of  Gd2O3/PCD in 
DMSO and stirred at room temperature for 24 h (500 rpm). 
Afterward, FA-NH2 (0.12 g) was added to the medium and 
stirred at room temperature for another 12 h. The reaction 
mixture was then centrifuged (8000 rpm) and the precipitate 
was washed three times with deionized water and ethanol, 
and dried in desiccator.

Characterization

Transmission electron microscope (TEM) images were 
obtained from a Hitachi H7650 transmission electron micro-
scope with CCD imaging system at an acceleration volt-
age of 120 kV. Field emission scanning electron micros-
copy (FESEM) images were obtained on a FEI Magellan 
400 microscope. X-ray diffraction (XRD) pattern was col-
lected using X’Pert PRO MPDPANalytical (Netherland) 
X-ray diffractometer with Cu target (40 kV, 40 mA). The 
UV/Vis absorbance was measured with a Hewlett-Packard 
8453 spectrometer (200–700 nm). FTIR spectra were col-
lected on Tensor 27 (Bruker Cor., Germany) spectrometer 
using KBr technique (400–4000 cm−1 at room tempera-
ture). DLS analysis was achieved by Nicomp 380 ZLS 
Zeta potential/Particle sizer (PSS Nicomp, USA). Gd con-
centration was measured by inductively coupled plasma 
atomic emission spectroscopy (ICP-OES 730-ES, Varian). 

Thermogravimetric analyzes (TGA) were obtained by a 
thermogravimetric analyzer (METTLER TOLEDO). VSM 
measurements were done by VSM, 7400 model, Lakeshore 
Cryotronics Inc., OH, USA. Phantom, in vitro, and in vivo 
MR imaging were performed on a 3.0 T MRI scanner (Sie-
mens Prisma MRI Scanner using head coil). A clinical Sie-
mens Prisma MRI scanner was applied in this study which 
is considered as biosafety level 1 (BSL-1). All precautions 
related to BSL-1 were considered in this work [31].

Relaxivity measurements

To measure the longitudinal  (T1) and transverse  (T2) relaxa-
tion times on phantoms,  Gd2O3@PCD–FA and  Gd2O3 NPs 
were dispersed in water at various Gd concentrations (0, 
0.04, 0.08, 0.16, 0.32, 0.64 and 1.28 mM) according to ICP 
results. Dotarem was prepared at the same  Gd+3 concen-
trations as a control and all samples were dispersed in 2% 
agarose solution. The  T1-weighted images were achieved 
using a conventional spin echo sequence with the following 
parameters: TR/TE = 50, 200, 400, 600, 800, 1100, 1300, 
1500, 1800, 2000/11 ms, slice thickness = 5 mm, a flip 
angle of 90°, the number of signal averages of 3, 128 × 128 
 mm2 field of view, and 256 × 256 matrix dimensions. The 
 T2-weighted images were acquired using a multi-spin echo 
(MSE) sequence with the same parameters except TR/
TE = 3000/10, 30, 60, 90, 130, 170, 210, 240, 270, 350 ms, 
and slice thickness = 5 mm.

Cell culture

The MCF-10A (epithelial normal breast), M109 (malignant 
tumors of the mouse pulmonary system) and 4T1 (epithe-
lial breast carcinoma) cell lines were grown in Dulbecco’s 
modified Eagle’s medium (DMEM) and RPMI containing 
10% fetal bovine serum (FBS), 100 units ML−1 penicillin 
and 100 μg mL−1 streptomycin. Cells were incubated at 37 
°C with 5%  CO2.

Cytotoxicity assay

In vitro cytotoxicity of  Gd2O3@PCD–FA and  Gd2O3 NPs 
were assessed against MCF-10A cells using MTT assay. 
Briefly, the cells were seeded into a 96-well plate (5 × 103 
cells/well) and incubated at 37 °C under 5%  CO2 atmos-
phere for 24 h. After that, the fresh medium containing 
NPs at different concentrations (0, 1.5, 3.12, 6.25, 12.5, 25, 
50 µg mL−1) were added to the medium. After 24- and 48-h 
incubation, the media containing NPs were removed and 100 
μL of MTT was added and incubated for another 4 h. Then 
the solution was removed, the cells were lysed, and the dye 
was dissolved in 100 μL of dimethyl sulfoxide. The plates 
were kept in the dark for 1 h before spectrophotometric 
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determination. The amount of absorption in each well 
reflects the conversion of MTT to formazan by the meta-
bolically viable cells and viability was calculated using an 
automated microplate reader at 570 nm [32].

Hemolysis assay

For hemolysis assay, the human red blood cells (HRBCs) 
were obtained according to the reported procedure [33]. 
Briefly, the fresh human blood was stabilized and treated 
with EDTA to remove the supernatant by centrifugation at 
2000 rpm for 10 min and refined by successive rinsing with 
PBS buffer (pH 7.4). The suspension of HRBCs was diluted 
ten times with PBS buffer (pH 7.4), and then 200 mL of 
HRBCs suspension was added to 800 mL of each sample 
with different concentrations (1.95–1000 µg mL−1). Triton 
X-100 (800 mL, 2% v/v) and PBS buffer (800 mL, pH 7.4) 
were utilized as positive and negative controls, respectively. 
All samples were incubated at room temperature for 2 h. 
Finally, the samples were centrifuged at 10,000 rpm for 
2 min, and the absorbance of the supernatant was measured 
by UV–visible spectrophotometer at 541 nm. The hemolytic 
activity percentages of the different samples were calculated 
by Eq. 1:

In vitro and in vivo MRI assay

M109 cells (5 × 106) were incubated with  Gd2O3@PCD–FA 
and  Gd2O3@PCD (without FA) NPs to study the targeting 
ability of NPs with different concentrations (0, 12.5 and 
50 µg/mL) for 6 h in 37 °C. For comparison, 4T1 cells with 
negligible FA receptor expression (5 × 106) were incubated 
with NPs with the same NPs and concentrations under simi-
lar conditions. After incubation, the cells were washed with 
PBS buffer three times and resuspended in PBS buffer with 
a cell density of 1 × 106 cells/mL before MR imaging. All 
MR imaging measurements were performed with 3.0 T sys-
tems (3 T Siemens Prisma).  T1-weighted MR images were 
acquired using a conventional spin-echo sequence under the 
following parameters: TR/TE =500/12 ms, 220 × 320 matri-
ces, 82 × 120 mm field of view, 140 Hz/Px of bandwidth, 
a slice thickness of 3 mm.  T2-weighted MR images using 
a fast spin-echo sequence was used to reduce acquisition 
time under the following parameters: TR/TE =3600/90 ms, 
220 × 320 matrices, 82 × 120 mm field of view, 220 Hz/Px 
of bandwidth, and a slice thickness of 3 mm.

The animal tumor model was established on 4- to 5-week-
old balb/c (25 g) mice by subcutaneously inoculating M109 
cell lines (malignant tumors of the mouse pulmonary sys-
tem). The mice were subjected to MR imaging studies 

(1)Hemolysis% =

(

AbsSample − AbsCtrl−
)

(AbsCtrl+ − AbsCtrl−)
× 100.

2 weeks after tumor inoculation when the tumor reached 
1.0–2.0 cm in diameter. Mice were randomly divided into 
two groups (n = 5 mice/group). For in vivo MRI study, 
 Gd2O3@PCD–FA NPs along with  Gd2O3@PCD NPs (as a 
control group) were intravenously injected to a tail vein of 
anesthetized mice (0.1 mmol of  Gd+3 per kg of mice body 
weight, 250 μL) in accordance with the literature (the mice 
were anesthetized by 10 and 100 mg/kg of xylazine and keta-
mine, respectively) [34, 35]. In vivo  T1-weighted MR images 
were serially acquired before and also 30 min, 1, 6, and 12 h 
after injection.

The protocol of the in  vivo study was performed in 
accordance with the European Community guidelines as 
accepted principles for the use of experimental animals and 
was approved by local ethical committee, Tehran University 
of Medical Sciences (TUMS), Tehran, Iran (Approval num-
ber: IR.TUMS.REC0.1394.1461). Signal intensity was cal-
culated through drawing a ROI (region of interest) on tumor 
and background organs. Contrast-to-noise ratio (CNR) was 
calculated for regions of interest in the tumor area and back-
ground organs by Eq. (2):

 where Senh and Sback  are the mean signal intensity in the 
tumor region and background organ, respectively, and  SDb 
is the standard deviation for background signal [36]. MRI 
scans for animals were obtained using the following proto-
cols: for coronal T 1 -weighted MR images fast-sspin-echo 
protocol: TR: 600 ms; TE: 8.6 ms; FA: 150°; slice thickness: 
2 mm; FOV: 110 mm; matrix size: 192 × 154 and NEX: 6. 
All MRI measurements were performed by a 3.0 Tesla Sie-
mens Prisma MRI Scanner using the head coil.

Statistical analysis

Data were processed using Microsoft Excel 2013 software 
and presented as mean± standard error of the mean. Statisti-
cal analyzes were performed using ANOVA with fixed effect 
and independent t test. P values lower than 0.05 (p < 0.05) 
and more than 0.05 (p > 0.05) were considered as significant 
and insignificant differences, respectively.

Results and discussion

This study mainly focused on the preparation of targeted 
 Gd2O3-based CA with the ability to distinguish cancerous 
cells from normal cells without  Gd3+ ion leaching. The 
sequential steps for the preparation of the targeted nano-CA 
in MRI are shown in Fig. 1. Condensation polymerization 
was carried out between CD and DTPA-DA in the presence 

(2)CNR =
Senh − Sback

SD
b

,
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of  Gd2O3 NPs resulting in CD-based polyester containing 
appropriate functional groups for chelating of  Gd2O3 core 
and for further functionalization as well. Considering the 
availability, low cost, simple polymerization procedure and 
also proper affinity of DTPA towards  Gd+3 ions, in this work, 
DTPA was selected as monomer to prepare cyclodextrin-
based polymer as a coating agent. FA-NH2 was then con-
jugated to the newly appeared acidic groups on the surface 
of  Gd2O3 NPs to equip the CA with active targeting agent.

Characterization

As shown in Fig. 2a, the FTIR spectrum of CD shows char-
acteristic peaks at 3378 and 2926 cm−1, corresponding to the 
O–H and C-H stretching vibrations. Furthermore, the peaks 
at 1645 and 1029 cm−1 are related to bending vibration of 
O–H and stretching vibration of C–O–C glucose units of 
CD. The spectrum of DTPA-DA shows absorbtion peaks at 
1822, 1776 and 1113 cm−1 which are attributed to the asym-
metric and symmetric stretching vibration of C=O and C-N 
stretching in anhydride, respectively (Fig. 2a). The appeared 
bands in the spectrum of PCD (Fig. 2a) at around 1740 
and 1634 cm−1 could be ascribed to the C=O asymmetric 
stretching vibration of ester groups and COOH starching in 

the form of carboxylate, respectively, indicating formation of 
PCD. The observed absorption frequencies in FTIR of pure 
 Gd2O3 nanoparticles (Fig. 2b) include stretching vibrations 
of O–H at ~3415 cm−1, the Gd=O at ~1492 cm−1, Gd–O–Gd 
at ~1393 cm−1 and Gd-O ~ 540 cm−1 [37]. In the spectrum 
of  Gd2O3@PCD, the absorption peaks at around 1739 and 
1634 cm−1 are attributed to the C=O stretching vibrations of 
ester and carboxylate groups, respectively. Figure 2b shows 
the spectrum of the  Gd2O3@PCD–FA NPs. The character-
istic peaks of  Gd2O3 and the polymer layer have been pre-
served. The peak at 1621 cm−1 which is attributed to the 
formation of amide bands after  Gd2O3@PCD modification 
with FA-NH2 confirms successful attachment of FA on the 
surface of the NPs [38].

The amount of FA conjugation with  Gd2O3@PCD was 
calculated by UV–Vis spectroscopy using different FA 
concentrations (0.14, 0.18, 0.23, and 0.28 mg/mL) in the 
supernatant by measuring the difference between the ini-
tially added FA and FA in the supernatant (λmax = 447 nm, 
r2 = 0.9991 with excellent linearity). The experiments were 
conducted three times. The amount of FA loaded on the 
surface of NPs was about 6%. Figure 3a shows the UV–Vis 
spectra of  Gd2O3,  Gd2O3@PCD and  Gd2O3@PCD–FA, 
respectively. There was no significant difference between 

Fig. 1  Schematic representation of the synthesis of the targeted nano-CA in MRI and its application



492 Magnetic Resonance Materials in Physics, Biology and Medicine (2019) 32:487–500

1 3

spectra of  Gd2O3 and  Gd2O3@PCD NPs, while peaks 
for folic acid at λ = 282 and 362 nm could be seen for 
 Gd2O3@PCD–FA. Significant shift for the absorption peak 
of the FA in  Gd2O3@PCD–FA confirmed the conjugation 
of FA to  Gd2O3@PCD NPs [39, 40]. The Gd concentration 
on the final NPs was also estimated to be approximately 
60% by inductively coupled plasma atomic emission spec-
troscopy (ICP-AES). The crystallography of the product 
was verified by powder X-ray diffraction (XRD) (Fig. 3b). 
It is clear that all the diffraction peaks of the  Gd2O3@
PCD–FA NPs are well matched with standard  Gd2O3 and 
no other impurity peaks could be observed (Ref code no. 
01–076-0155) [41, 42]. This pattern confirms the existence 
of  Gd2O3 on the final NPs. The XRD pattern of  Gd2O3@
PCD–FA NPs showed a slight decrease in the intensity in 

comparison with  Gd2O3 which could be due to the pres-
ence of PCD–FA on the surface of  Gd2O3.

As shown in Fig. 4, all nanoparticles were in spherical 
shape and proper size distribution. Images of FESEM and 
TEM revealed that NPs were spherical and uniform in mor-
phology and could be visualized separately with clear grains 
in nano-dimensions less than 100 nm (range 75–95 nm).

The size and polydispersity index (PDI) obtained by DLS 
showed that  Gd2O3nanoparticles had a hydrodynamic diam-
eter distribution of 96 ± 7.6 nm with a PDI of 0.36, while 
 Gd2O3@PCD–FA NPs was 131 ± 4.6 nm with PDI of 0.38 
(Table 1). However, despite their different sizes, PDIs of 
the NPs (as an index of the nanoparticle dispersion) showed 
acceptable ranges of less than 0.5. The results were in good 
agreement with the results of FESEM/TEM images of the 
NPs (Fig. 4). However, differences in the size of the NPs 

Fig. 2  FTIR spectra of (a) CD, DTPA-DA and PCD. b  Gd2O3,  Gd2O3@PCD and  Gd2O3@PCD–FA NPs

Fig. 3  a UV–Vis spectra obtained at different steps of the NPs modification to confirm FA conjugation. b XRD patterns of  Gd2O3@PCD–FA 
and  Gd2O3 NPs
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between DLS and FESEM/TEM measurements could be 
attributed to the hydrodynamic radius and water-swollen 
NPs in DLS measurement, whereas TEM/SEM represented 
an estimation of NP diameter in dried state [32]. Zeta poten-
tials of  Gd2O3 and  Gd2O3@PCD–FA NPs were (+23.1 mv) 
and (-5.27 mv), respectively, that confirm  Gd2O3 coating 
with PCD. The positive charge of the naked  Gd2O3 NPs 
reduced to negative which is due to the negative charge of 
the polymer layer on the surface of the NPs after coating 
resulted from hydroxyl and carboxyl groups of the polymer.

Magnetic property measurements

The magnetic property of the NPs was evaluated by field-
dependent magnetization measurements at 300 K. For para-
magnetic materials, there is a linear relationship between 
magnetization (M) and applied field (H) with positive slope 
[43]. The saturated magnetization (Ms) of  Gd2O3@PCD–FA 
NPs was found to be 0.63 emu/g (Fig. 5a), which is smaller 
than the value of the  Gd2O3NPs (1emu/g) (Fig. 5b) due to 
the PCD layer that was in agreement with the literature [44].

Thermogravimetric analysis (TGA)

TGA analysis under a constant  N2 flow was performed for 
 Gd2O3 and  Gd2O3@PCD–FA NPs to achieve some structural 
information about the surface modification of the  Gd2O3 
NPs and determine the mass drop in weight (%) of the mate-
rials (Fig. 5c). The first step of the weight loss of about 4% 
in thermogram of  Gd2O3 NPs can be seen over the range 

of about 100–270 °C indicating the evaporation of residual 
solvent and adsorbed water on the surface of the NPs. Com-
parison between  Gd2O3 and  Gd2O3@PCD–FA thermograms 
(Fig. 5c) indicated that the main weight loss of about 25% 
at the range 270–700 °C could be ascribed to the removal 
of PCD–FA shell on the surface of  Gd2O3@PCD–FA NPs 
(Fig. 5c) [45, 46].

Relaxivity measurement

To evaluate the potential application of  Gd2O3@PCD–FA 
NPs as a MR contrast agent, their magnetic relaxation prop-
erties was investigated compare to  Gd2O3 and Dotarem.  T1- 
and  T2-weighted images were taken using aqueous suspen-
sions of the NPs at certain concentrations. The  Gd2O3@
PCD–FA NPs and  Gd2O3 were found to efficiently shorten 
the longitudinal relaxation time  (T1) and significantly 
increase signal intensity in  T1-weighted images compare to 
Dotarem (Fig. 6). However, the degree of the bright contrast 
enhancement in  T1-weighted images for all groups was found 
to be directly related to the concentration of Gd ions. For the 
quantitative evaluation, the longitudinal (r1) and transverse 
(r2) relaxivities of the particles were calculated by measur-
ing the relaxation rate as a function of Gd ion concentration 
(Table 2). The  r1 values for  Gd2O3@PCD–FA NPs,  Gd2O3, 
and Dotarem were achieved to be 3.95, 4.86, and 2.79, 
respectively. According to other studies, the  r1 of  Gd2O3 is 
higher than standard approved Gd-based contrast agents [47, 
48]. The partial reduction of r1 for  Gd2O3@PCD–FA NPs 
compared to  Gd2O3 could be due to the PCD as a shell which 
reduced the water molecule accessibility to the  Gd2O3 NPs. 
The low r2/r1 ratio (1.16) showed that the  T1-shortening 
effect was dominant over the  T2 effect, suggesting the bright 
contrast enhancement in  T1-weighted images. In the study of 
Fang et al., hydrophobicity and hydrophilicity of the poly-
mer layer were evaluated. They observed reduced r1 and r2 
values of  Gd2O3–OA–CTAB nanoparticles (OA = oleic acid 
and CTAB = cetyltrimethylammonium bromide) compared 
to  Gd2O3–PVP nanoparticles (PVP = polyvinyl pyrrolidone) 

Fig. 4  a FESEM micrographs 
and b TEM images of  Gd2O3@
PCD–FA

Table 1  DLS size, PDI and zeta potential of the  Gd2O3 and  Gd2O3@
PCD–FA NPs

Nanoparticle Hydrodynamic 
diameter (nm)

PDI Zeta 
potential 
(mv)

Gd2O3 96 ± 7.6 0.36 + 23.1
Gd2O3@PCD–FA 131 ± 4.6 0.38 − 5.27
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[49]. It has been suggested that the polar C=O groups in the 
polymer coating layer on the surface of  Gd2O3 endow the 
contrast agent with acceptable water accessibility. Appropri-
ate relaxivity of  Gd2O3@PCD–FA in our study even after 
coating with PCD as a hydrophilic polymer layer could be 
due to the presence of polar carbonyl groups on the surface 
of  Gd2O3 core. The r1 and r2 values depend on various fac-
tors such as the type of NPs, particle and hydrodynamic 
diameter and the properties of ligands or coating agents sur-
rounding the  Gd+3 ions [49] and more studies need to be 
performed to find the optimum coating layer thickness and 
particle size of the target CA.

Cytotoxicity assay

Prior to the applications of  Gd2O3@PCD–FA NPs for 
in vitro and in vivo MR imaging, the preliminary poten-
tial cytotoxicity of nanoparticles was evaluated via an MTT 
[3-(4,5-dimethylthiazol-2 yl)-2,5-diphenyltetrazolium bro-
mide] assay on MCF-10A cell lines (human normal breast 

cell line). As shown in Fig. 7, no obvious decrease in cell 
viability was observed with various concentrations of 
 Gd2O3@PCD–FA NPs (up to 50 µg/mL) for 24 h incuba-
tion time. Even at the concentration of 50 µg/mL, the cell 
viability still remained above 80%. Increasing incubation 
time of the NPs to 48 h, the cell survival rate decreases 
with a concentration-dependent trend and down to 79.4% 
within 50 µg/mL.  Gd2O3 exhibited significant cytotoxicity 
within 24 and 48 h compared to  Gd2O3@PCD–FA NPs that 
could be related to the leakage of Gd ions and toxicity of 
Gd ions (p < 0.005). It could be proposed that  Gd2O3 coat-
ing by PCD led to reduction of Gd leakage, while  Gd2O3@
PCD–FA NPs has more free diffusion through phospholipid 
cell membrane than  Gd2O3. The leakage of  Gd+3 ions lib-
erated from  Gd2O3@PCD–FA was measured by ICP-AES. 
A solution of the sample containing 1.0 mM Gd in simu-
lated physiological condition (i.e., pH 7.4, 0.1 mM glucose 
solution, at room temperature and 1 atm) was prepared 
and the concentration of  Gd+3 ions in the supernatant was 
determined after 12 and 24 h. The results were under the 

Fig. 5  a Magnetometry graphs for  Gd2O3, b  Gd2O3@PCD–FA NPs (magnetization (emu/g) plotted as a function of the applied field). c TGA 
curves of  Gd2O3 and  Gd2O3@PCD–FA NPs under a constant  N2 flow
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detection limit of the ICP-AES (i.e., < 0.1 ppm Gd) showing 
the high affinity of the prepared polymer to the  Gd+3 ions. 
These results indicated that  Gd2O3@PCD–FA NPs could 
have little cytotoxicity at the given concentration range, 
which is essential to their further biological applications.

Hemolysis assay

Hemocompatibility of NPs could be confirmed by hemol-
ysis assay to evaluate biosafety of NPs on erythrocytes 
[50]. When NPs are injected into the blood, detrimental 
interaction of the particles with blood constituents must 
be avoided. As shown in Fig. 7d, the percentage of hemo-
lytic activity for the NPs in the studied concentration range 
(1.95–500 µg Gd+3/mL) were less than 6% (standard accept-
ance limit) suggesting their acceptable hemocompatibil-
ity [47]. The maximum hemolytic activity percentage of 

 Gd2O3@PCD–FA NPs was 11.75% (concentration 1000 µg 
/mL). It was observed that the hemolytic percentage of the 
NPs depended on its concentrations.

A significant difference in hemolytic activity was 
observed between  Gd2O3 and  Gd2O3@PCD–FA. It could be 
due to toxicity of Gd ions which cause interaction between 
these particles and red blood cells, damaging most of red 
blood cells [51]. In the present study, PCD as coating layer 
led to blood compatibility of  Gd2O3. The results also sug-
gested that  Gd2O3@PCD–FA NPs were suitable for a wide 
safety margin in blood-contacting applications and suitabil-
ity for intravenous administration.

In vitro MRI measurements

To confirm the cancer cell targeting ability of the  Gd2O3@
PCD–FA NPs and MR imaging performance, both M109 
cells with folate receptor overexpression and 4T1 cells with 
negligible FA receptor expression were incubated with the 
particles with different concentrations (0, 12.5 and 50 μg/
mL) for 6 h. Both  T1- and  T2-weighted MR images and the 
MR signal intensity of the cells were collected. As shown 
in Fig. 8, the  T1-weighted MR images showed a significant 
enhancement in M109 cells, while the  T2-weighted MR 
images of the same cells showed a marked signal drop. 
A quantitative measure of the MR signal change further 
showed that when incubated with the  Gd2O3@PCD–FA NPs 
(50 µg/mL) for 6 h, the  T1 MR signal intensity of M109 cells 

Fig. 6  Longitudinal (a) and transverse (b) relaxivity plot of aqueous suspension of Dotarem,  Gd2O3@PCD–FA and  Gd2O3 NPs. c  T1-weighted 
and d  T2-weighted images of  Gd2O3@PCD–FA,  Gd2O3, and Dotarem in water

Table 2  Longitudinal (r1) and transverse (r2) relaxivities of  Gd2O3@
PCD–FA,  Gd2O3, and Dotarem (as a control) in water

Nanoparticle Water 0.04, 0.08, 0.16, 0.32, 0.68, 
1.28 (mM Gd)

r1 r2 r2/r1

Gd2O3 4.86 5.97 1.23
Gd2O3@PCD–FA 3.95 4.60 1.16
Dotarem 2.79 3.33 1.19
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was four times higher than the control cells without treat-
ment, and the  T2 MR signal intensity of the same cells was 
dropped 8 times lower than that of control cells.

In contrast, under the same condition, the  T1 MR signal 
intensity of 4T1 cells was only 1.9 times higher than that of 
the control 4T1 cells without treatment, and the  T2 MR sig-
nal intensity was just dropped to 51% when compared with 
that of control 4T1 cells. The significant difference between 
M109 cells and 4T1 cells in MR imaging should be ascribed 
to the specific cellular uptake of the  Gd2O3@PCD–FA NPs 
into M109 cells due to overexpressing folate receptor com-
pared to 4T1 [52, 53]. To further prove that the specific bind-
ing and uptake of the particles is mediated through the spe-
cific interaction between FA and FRs that are overexpressed 
onto the cell surface, M109 cells were preincubated with 
NPs without FA  (Gd2O3@PCD) and treated with the same 
concentrations for 6 h.  T1- and  T2-weighted MR imaging 
data showed that the  T1 MR signal intensity of M109 cells 

was only about 2.3 times higher than that of the untreated 
control cells (50 µg/mL), and  T2 MR signal intensity (50 µg/
mL) was just dropped to 43% when compared with that of 
the control cells. This experiment clearly indicates that the 
specific binding and uptake of the particles should be medi-
ated by the FA/FR interaction on the surface of cells. Taken 
together, our results suggest that the  Gd2O3@PCD–FA NPs 
can specifically affect both  T1 and  T2 MR signals through 
FR-mediated cellular binding and uptake.

In vivo MR imaging

The targeted MR imaging of cancer cells using  Gd2O3@
PCD–FA NPs was further performed using an animal 
tumor model. Serial  T1-weighted images were performed 
using fast-spin-echo sequence to measure signal enhance-
ment at different time intervals after injection in tumor 
area (Fig. 9a, b). After intravenous injection of  Gd2O3@

Fig. 7  Cell viabilities for normal human breast cell line (MCF-10A) 
exposed to the NPs. a  Gd2O3@PCD–FA and b  Gd2O3 in 24 and 48 h 
incubation time at different  Gd+3 concentrations. c Comparison of the 
cell viability between  Gd2O3@PCD–FA and  Gd2O3 NPs at 24 h incu-

bation time. d Hemolytic activity and photographs of RBCs treated 
with  Gd2O3@PCD–FA and  Gd2O3 NPs at different  Gd+3 concentra-
tions
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PCD–FA, the contrast of the tumor position was gradually 
enhanced. To quantify the contrast, the tumor was identi-
fied as the region of interest and the contrast-to-noise ratio 
(CNR) values for each animal were determined. The CNR of 
tumor for  Gd2O3@PCD–FA was increased from 1.00 ± 0.3 
to 5.89 ± 1.3 within 1 h after injection and gradually reduced 
to 1.45 ± 0.44 within 12 h. To study the targeting ability of 
the NPs,  Gd2O3@PCD as a control was injected with the 
same  Gd+3 concentrations. The CNR for  Gd2O3@PCD after 
injection was obtained as 1.98 ± 0.28 after 6 h, and reduced 
to 1.12 ± 0.13 after 12 h (Fig. 9c, p value < 0.05). As shown 
in Fig. 9a, the  Gd2O3@PCD–FA NPs showed  T1-weighted 
positive contrast-enhanced MR imaging capability of the 
tumor tissues after the intravenous administration. The 
results revealed that  Gd2O3@PCD–FA NPs exhibited much 
higher contrast than  Gd2O3@PCD throughout the imaging 

periods (p value < 0.05). The higher tumor accumulation of 
 Gd2O3@PCD–FA NPs could clearly and selectively enhance 
the contrast at the tumor area in  T1-weighted MR images, 
which could be attributed to the targeting ability of NPs 
due to the overexpression of FA receptors on the M109 cell 
surface [53].

The gradual reduction of CNR for the  Gd2O3@PCD–FA 
NPs was most likely due to their long circulation time and 
targeting ability [54–56]. The comparison of CNR values 
between  Gd2O3@PCD and  Gd2O3@PCD–FA confirmed the 
difference between EPR effect and the key role of FA as 
active targeting agent facilitating the cell penetration of the 
NPs. The use of  Gd2O3@PCD–FA NPs with appropriate  T1 
relaxivity as contrast agent may significantly improve the 
sensitivity of  T1 imaging, which is extremely important for 
accurate detection and early diagnosis of cancer.

Fig. 8  a  T1- and  T2-weighted MR images of  Gd2O3@PCD–FA and 
 Gd2O3@PCD (without FA) NPs in M109 and 4T1 cells at different 
concentration of NPs after incubation for 6  h on 3T MR system. b 

Signal intensity analysis for  T1-weighted MR images. c Signal inten-
sity analysis for  T2-weighted MR images
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Conclusion

In summary, we have successfully designed and synthesized 
a nanocomposite composed of gadolinium oxide NPs coated 
with polycyclodextrin (PCD) and targeted with folate with 
overall diameter of less than 100 nm as potential targeted 
MRI contrast agent. The in vitro toxicity studies demonstrated 
that PCD as a shell could significantly improve biosafety and 
excluded the toxicity risk of  Gd2O3 as MRI contrast agent. The 
longitudinal relaxivity value  (r1) of the  Gd2O3@PCD–FA NPs 
was higher than that of the clinical contrast agent (Dotarem) in 
aqueous suspension. Although PCD partially reduced relaxiv-
ity of the NPs in aqueous suspension through reducing water 
molecule accessibility to  Gd2O3, it could significantly improve 
cell viability. In vitro MRI measurements confirmed selective 
and enhanced accumulation of  Gd2O3@PCD–FA intracellu-
lar uptake in M109 in cancer cells compared to that found in 
4T1 cells due to folic acid as targeting ligands, and data con-
firm the important role of the targeting moiety. In vivo MRI 
studies demonstrated that  Gd2O3@PCD–FA NPs had higher 
contrast enhancement in tumor area than  Gd2O3@PCD. The 
different distribution of two contrast agents within 1 h post-
injection in tumors showed that the  Gd2O3@PCD–FA NPs 
could accumulate into tumor more than  Gd2O3@PCD due to 
expression of FA receptors onto the cell surfaces. Furthermore, 
a higher circulation time for the CA to accumulate in tumors 
was observed which could be due to the nanonization as well 

as active targeting. The selective toxicity, acceptable blood 
compatibility of the  Gd2O3@PCD–FA NPs compared to bare 
 Gd2O3 and its higher relaxivity than commercial Dotarem sug-
gest these targeted NPs as a promising targeted CA for early 
diagnosis of cancer via MRI. The presence of hydrophobic 
cavity of CD in structure of the target NPs endows them with 
the ability to load and deliver any hydrophobic cargos which 
make these NPs valuable to be considered as promising thera-
nostic agents.
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