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Introduction

One of the most critical factors in the revolutionary transforma-
tion of technology and science is metal oxide nanoparticles. 
Ultra-small iron oxides are recently used in biomedicine among 

the many metal oxides. Numerous ways have been developed to pro-
duce magnetic nanoparticles by controlling their shapes, sizes, and 
distribution [1-3]. The high surface-to-volume ratio and bipolar-dipole 
interaction cause magnetic nanoparticles to accumulate more than non-
magnetic nanoparticles. Particles can be stable in two ways, by either 
electrostatic stabilization or spatial stabilization, achieved by attach-
ing long-chain surfactants to the surface of nanoparticles to avoid from 
nearby. Scatter stabilization is attained by applying a surface charge on 
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ABSTRACT
Background: The application of nanotechnology in the molecular diagnosis and 
treatment of cancer is essential. 
Objective: This study aimed to investigate the influence of curcumin-coated ultra-
small superparamagnetic iron oxide (USPIO) as a T1 contrast agent in Magnetic Reso-
nance Imaging (MRI). .
Material and Methods: In this experimental study, the influence of curcumin-
coated USPIO (Fe3O4@C) on the diagnosis of the cancer cell line was investigated. 
After synthesis, characterization, and relaxation of Fe3O4@C, the contrast changes in 
T1-weight MRI to mouse colon carcinoma 26 cell line were evaluated in vitro. 
Results: Fe3O4@C nanoparticles (NPs) are good at imaging; based on a relaxom-
etry test, the r1 and r2 relaxivities of Dotarem were 3.139 and 0.603 mM−1s−1, respec-
tively. Additionally, the r1 and r2 relaxivities of Fe3O4@C were 3.792 and 1.3 mM−1s−1, 
respectively, with the rate of 2.155 of r2/r1 NPs.  
Conclusion: The NPs can be identified as a positive contrast agent with a weight 
of T1 in MRI. The coresh-ell Fe3O4@C NPs can be effective in cancer treatment and 
diagnosis because of the therapeutic effects of curcumin and the properties of USPIO.
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the nanoparticles, leading to electrostatic re-
pulsion of the particles. Curcumin, a yellow 
polyphenolic compound originating in the rhi-
zomes of turmeric, is recognized for its anti-
cancer, anti-microbial, and anti-inflammation 
activities, leading it a favorable candidate for 
iron oxide covering. Curcumin coating is re-
ported on iron oxide nanoparticles (IONPs) 
with bonds, such as oleic acid, chitosan, and 
silica [4]. After undergoing synthesis, modi-
fication, and final modulation steps, magnetic 
nanoparticles lead to the production of valu-
able materials for the diagnosis and treatment 
of disease. Magnetic Resonance Imaging 
(MRI) is one of the most widely used diag-
nostic tools due to its special features, such as 
non-invasiveness, non-ionization, no restric-
tion on tissue penetration, high soft-tissue 
contrast, and high spatial resolution. 

However, considering the low contrast sen-
sitivity in cancer tissues, MRI needs to use 
contrast agents [5]. In general, contrast agents 
are allocated into T1 and T2 weighted contrast. 
Positive (or bright) contrast enhancement 
can be attained by T1 weighted contrast, and 
negative (or dark) contrast improvement can 
be produced by T2 weighted contrast, caus-
ing protons in their neighborhood to undergo 
spin-spin relaxation [6]. T1 contrast agents are 
preferred due to the drawbacks of T2 weighted 
images, such as incorrect signals from areas 
of calcification and metal deposition [7]. Most 
of the approved T1 weighted contrast, like 
Dotarem (gadoterate meglumine), are based 
on Gd+3 paramagnetic ions [8]. Recent studies 
have shown [9] that gadolinium compounds 
form a potent complex with bio-ligands and 
increase the potential for toxicity. Some gado-
linium is found in patients’ brains depend-
ing on the dose received [10]. The Food and 
Drug Administration (FDA) issues a general 
caution for all gadolinium-based substances 
and prohibits their use in patients with acute 
renal failure. The use of these compounds is 
expected to be phased out shortly. Some stud-
ies are conducted to develop T1 alternative 

contrast materials [6, 7]. Magnetic iron oxide 
nanoparticles (NPs), commonly used as a T2 
contrast agent, have recently been potential T1 
contrast agents when their size decreases. The 
physical properties of iron oxide depend on 
the size of the iron. When the size of iron ox-
ide is less than 5 nm due to volume reduction, 
magnetic anisotropy, and spin tilt, the property 
of iron oxide changes from superparamagnetic 
to paramagnetic state. Therefore, reducing the 
size of the particles changes them from T2 into 
T1 contrast agents [11-18]. These magnetic 
IONPs can demonstrate excellent T1 contrast 
performance by a large surface area with five 
unpaired electrons in the iron ion. Compared 
to gadolinium-based contrast agents, IONPs 
agents are more compatible since iron is a 
necessary element in the human body [19]. 
However, the use of IONPs as T1 contrast ma-
terial is still an important challenge. In addi-
tion, IONPs lead to an increase in T2 contrast 
and the fading of T1 contrast since they tend 
to form collections under physiological condi-
tions [20]. Some studies are conducted to alter 
the surface of iron oxide nanoparticles through 
various methods [21-23]. This study aimed to 
synthesize superparamagnetic iron oxide (US-
PIO) with curcumin coating and also investi-
gate MR imaging parameters, such as r1 and 
r2/r1, to use these nanoparticles as a positive 
contrast agent compared to gadolinium-based 
clinical Dotarem.

Material and Methods
This study is an experimental type of study.

1. Synthesis and characterization 
of curcumin covered iron oxide 
nanoparticles
1.1. Nanoparticles’ Synthesis
Curcumin Coated USPIO NPs synthesis to a 

combination of 20 ml of iron precursor solution 
(0.05 M FeCl2.4H2O and 0.1 M FeCl3.6H2O) 
liquefied in water was added dropwise 100 
ml of 10 N ammonium hydroxide that 0.5 g 
curcumin was dissolved in its under-nitrogen 
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atmosphere. The product was stirred for about 
60 min in a water bath at 80 °C for whole for-
mation magnetite particles. The resulting sta-
ble solution was cooled to room temperature 
and dialyzed against water in a cellulose mem-
brane for 3 days to eliminate extra curcumin, 
followed by drying in a vacuum oven at 50 °C 
and attaining the product. The primary charac-
terization displays that the phenolic and enolic 
OH of the curcumin was used in binding with 
nanoparticles.
1.2. Characterization
A transmission electron microscope (TEM; 

LEO 906; Zeiss) at an acceleration voltage of 
100 kV was used to determine the morphology 
and size distribution of the synthesized NPs. 
The hydrodynamic diameter of NPs and sur-
face charge (zeta potential) were measured by 
dynamic light scattering (DLS; Malvern Zeta-
sizer Nano ZS-90). The absorption spectra 
of water-dispersed NPs were recorded using 
a UV visible spectrophotometer (UV-2600,  
Shimadzu, Japan).

2. Cell culture
This study was conducted on murine undif-

ferentiated colon carcinoma cell lines acquired 
from the Pasteur Institute of Iran. Mouse colon 
carcinoma 26 (CT26) cell line was cultured 
under controlled conditions and in vitro. The 
cells were cultured as monolayers in RPMI-
1640 cell culture media with L-glutamine and 
NaHCO3, 100 μg/mL streptomycin, 10% FBS, 
and (100 U/ml) penicillin; cells were harvest-
ed after reaching nearly 80% confluence with 
trypsin / EDTA 0.25%.

3. MTT assay
Cells were seeded in 96-well plates with 104 

cells per well and retained in an incubator at 
37 °C and 5% CO2 overnight to evaluate the 
cytotoxicity of NPs on cell lines. After drain-
ing the contents of the wells, 100 ml of culture 
medium and NPs with different concentra-
tions were added to each well and incubated 
for 4 and 24 h. 100 µl of 3–(4,5dimethylthi-

azol-2-yl)-2, 5-diphenyltetrazolium bromide 
(MTT) solution was added to each sample af-
ter the incubation period. Re-incubation was 
done for 4 h; the surface of the wells was then 
emptied. The samples were rewashed, and 100 
µl of dimethyl sulfoxide (DMSO) was added 
to each well. The absorption of the optical 
color was determined by the Enzyme-Linked 
Immunosorbent Assay (ELISA) reader at 570 
nm. Finally, the optimal concentration for di-
agnosis was determined using the cell survival 
percentage obtained with the MTT assays.

4. MRI Imaging
The time of relaxation was measured with 

MRI. The water was used to prepare concen-
trations of the NPs, and the microtubes were 
put in the water phantom in order of con-
centration. The spin-echo protocol was used 
to perform the image; the amount of signal 
change in T1 of the sample was determined us-
ing a Time Echo (TE) (14 ms) with different 
Repetition Time (TR)s (100, 300, 600, 1000, 
2000, 3000, and 5000 ms). A fixed TR (600 
ms) with several echoes with different TEs 
(14, 28, 44, 58, 86, 100, 158, and 200 ms) was 
used to determine the signal reduction in the 
T2 of the sample. SPSS software (version 20) 
was used to determine the signal intensity for 
each concentration, and signal graphs were 
plotted in terms of different TRs and TEs for 
each concentration. Using the values obtained 
from the previous steps does not appear to be 
modifying the subject graphs 1/T1 and 1/T2 in 
terms of concentration using SPSS software, 
and the values of r1 and r2 were obtained.
4.1. Determine SNR and ΔSNR param-

eters
Cellular uptake of NPs and Dotarem was ex-

amined by in vitro imaging of the phantom, 
and CT26 cells were cultured in T75 flasks 
and incubated with Fe3O4@C and Dotarem 
at a concentration of 0.25, 0.1, 0.2, 0.5, and 
1 mM for 24 h. The cells were washed with 
Phosphate-buffered saline (PBS), fixed in 
2% agar gel, and placed in Eppendorf tubes. 
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The control group included cell-free agar gel. 
Signal noise ratio (SNR) and Signal to noise 
ratio-delta (ΔSNR) were obtained using the 
equations (1) and (2) as follows:

mean

noise

SISNR
SD

=                                                (1)

100post pre

pre

SNR SNR
SNR

SNR
−

∆ = ×                      (2)

where SI mean is the average signal inten-
sity in a sample of the contrast agent, and

SD noise is the average standard deviation 
of the field. Further, SNR post is obtained by 
the contrast agent, and SNR pre is SNR ob-
tained in water.

5. Statistical analysis
All tests were done in triplicate, and the data 

was stated as mean values±SD (standard de-
viation). One-way analysis of variance (ANO-
VA) followed by the Tukey test was performed 
a post hoc at a 95% confidence level to evalu-
ate the importance of experimental data using 
SPSS software (version 16). P-value<0.05 
was considered statistically significant.

Results

Characterization of Fe3O4
Physical properties of Fe3O4@C NPs were 

determined using DLS and Zeta potential. An 
electron microscope examined the shape and 
size of the NPs. The dynamic light scattering 
was used to measure the diameter of NPs and 
their surface charge. TEM images showed that 
Fe3O4@C nanoparticles have an average size 
of 3.5 nm. The hydrodynamic diameter of NPs 
using the DLS test was 12.73 nm. Their sur-
face charge (zeta potential) was -13 mV. Based 
on the results of UV-visible spectra, Fe3O4@C 
increased absorption in the range of 420 nm 
(Figure 1) [24].

Cellular toxicity evaluation MTT 
assay

CT26 cells were exposed to different con-

centrations of NPs, and Dotarem included 
0.02, 0.05, 0.1, 0.3, 0.5, 1, and 2 Mm and in-
cubated for 4 and 24 h to evaluate their toxic-
ity by MTT assay. As shown in the diagrams  
(Figure 2), at all concentrations and 4 and 
24 h incubation, the toxicity of Fe3O4@C 
nanoparticles is less than that of Dotarem; 
the process of decreasing cell survival was 
very slow at concentrations lower than 2 mm 
(Figure 2). The data shows the average of the 
results of three trials (±standard error).

Relaxation rates and MRI perfor-
mances of Fe3O4@C and Dotarem

Relaxometry with 3 Tesla fields (SIEMENS, 
MAGNETOM Prisma, Germany) in concen-
trations of 0.025, 0.05, 0.1, 0.2, 0.5, and 1 
mM was used to investigate the possibility of 
using Fe3O4@C as a T1 MRI contrast agent. 

Figure 1: Transmission electron microscope 
(TEM) images (A), size distribution histo-
gram (B), Zeta potential (C), Dynamic light 
scattering (D) and UV-visible spectrea (E) of 
Fe3O4@C NPs
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The longitudinal (r1) and transverse (r2) mo-
lar relaxivities were considered according to 
the equation of r=∆(1/T)/∆[Fe]. The r1 and 
r2 relaxivities of Dotarem were 3.139 and 
0.603 mM−1s−1. Moreover, r1 and r2 relaxivi-
ties of Fe3O4@C were 3.792 and 1.3 mM−1s−1  
(Figure 3). Corresponding to r2/r1 ratios of 
Dotarem and Fe3O4@C were 1.208 and 2.155, 

Figure 2: The 3–(4,5dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay results 
of Mouse colon carcinoma 26 (CT26) cell lines which were treated with Fe3O4@C and Dotarem 
in different incubation times; 4 h (A), 24 h (B). (* significant difference with the control group, 
** significant difference of Fe3O4@C and Dotarem a specific concentration P-value<0.05).

Figure 3: (a) Plot of 1/T1 of Dotarem, (b) Plot 
of 1/T1 over Fe concentration of Fe3O4@C, (c) 
Plot of 1/T2 of Dotarem, (d) Plot of 1/T2 over 
Fe concentration of Fe3O4@C

Sample r1 r2 r2/r1

1 DOTAREM 3.139 3.792 1.208

2 Fe3O4@C 0.603 1.3 2.155

Table 1: Relaxometry of clinical Dotarem and 
Fe3O4@C in Tesla field 3

respectively (Table 1). The low r2/r1 ratios  
(below 5) of Fe3O4@C NPs confirmed that 
they are sufficient for T1-weighted contrast 
agents and comparable to clinical Dotarem.

In Vitro MR Imaging
In vitro MRI to assess performance, the 

contrast enhancement properties, and relax-
ation times (T) of Fe3O4@C and Dotarem in 
an aqueous solution with diverse concentra-
tions were determined on a 3 T MRI scan-
ner. T1 weighted images of CT26 cells treated 
with Fe3O4@C and Dotarem at concentrations 
of 0.25, 0.1, 0.2, 0.5, and 1 mM were used. 
As indicated in Figure 4, for the T1 phantom 
images, both Fe3O4@C and Dotarem demon-
strated brightening contrast enhancement with 
the increasing concentration, showing that 
they were T1 contrast agents at these concen-
trations and our synthesis NP can be a positive 
contrast agent. The amounts of ΔSNR in the 
CT26 cell line treated with Dotarem at con-
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centrations of 1, 0.5, 0.2, 0.1, and 0.25 mM, 
consisted of 160.8±1.1, 153.8±1, 101±2.2, 
60.21±1.1, and 30.05±1.3, respectively. Fur-
ther, these amounts in CT26 cell lines treated 
with Fe3O4@C NPs consisted of 80.21±1.3, 
53.21±1.1, 47.41±1.2, 35.93±1, and 20. 4±2.2, 
respectively (Figure 5).

Discussion
Among a wide range of NPs, iron oxide NPs 

have considered important due to their unique 
properties [25]. Iron oxide NPs larger than 10 
nm are known as negative contrast agents; 
lately, NPs smaller than 5 nm are recognized as 
positive contrast agents [11], showing the best 
size for iron oxide NPs for T1 weighted MRI is 
3.6 nm [26]. The formation of these NPs can 
be seen in the TEM images of the synthesis 
of Fe3O4@C. The size of Fe3O4@C NPs was 
about 3.5 nm (Figure 1 A). The main reason 
for the contrast is that different levels of wa-
ter protons in different organs result in other 
relaxation times. Iron oxide NPs reduce the 
relaxation time of T1 and T2 water protons in 
different organs and contrast in MRI [26]. As 
shown in Figure 4, T1 map images showed that 
Fe concentration directly affects the relaxation 
rate of the water protons and, consequently, 
the contrast [27]. Moreover, if the rate of con-
trast agent in r2/r1 is less than 5, it is known as 
a contrast agent with a weight of T1. The ratio 
is recently reduced to 2 [28]. Based on Shen et 
al. study conducted on iron oxide NPs for T1 
weighted MRI (5 nm), the r1 and r2/r1 ratio was 
70 and 1.98 mM−1s−1, respectively. MR imag-
es confirmed that the synthesized nanoparticles 
were positive contrast agents [29]. Park et 
al. synthesized Polyethylene glycol) PEG(-

Figure 4: T1 weighted Magnetic Resonance images (T1-W MRI) of Mouse colon carcinoma 26 
(CT26) cell pellets after 24 h incubation with Fe3O4@C and Dotarem at concentrations of 0.25, 
0.1, 0.2, 0.5, and 1 mM (Time Echo (TE)=12 and Repetition Time (TR)=600 ms).

Figure 5: Signal to noise ratio-delta (∆SNR) in 
T1 weighted Magnetic Resonance images (T1-W 
MRI) with (Time Echo (TE)=12 and Repetition 
Time (TR)=600 ms) of Mouse colon carcinoma 
26 (CT26) cell lines, which were treated with 
Fe3O4@C and Dotarem in different concentra-
tions of 1, 0.5, 0.2, 0.1, and 0.25 mM and an 
incubation time of 24 hours.

VI



J Biomed Phys Eng

Iron Oxide NPs as MRI T1 Contrast Agents

coated iron oxide NPs for T1 weighted MRI 
(3 nm), and the r1 and r2/r1 ratio was 3.1 and 
5.6 mM−1s−1, respectively [30]. In the present 
study, relaxometry was used to obtain the pa-
rameters r1 and r2 for curcumin-coated iron ox-
ide NPs. The r1, r2, and r2/r1 ratio of Fe3O4@C 
was 0.603 mM−1s−1, 1.2 mM−1s−1, and 2.155, 
respectively. The data attained from this study 
is comparable to clinical Dotarem (Table 1). 
USPIO NPs have small amounts of r1 com-
bined with gadolinium oxide or gadolinium 
particles to solve this problem [26]. The di-
agnostic and therapeutic applications of mag-
netic NPs in the body can be affected by the 
use of selective coating. Curcumin conjugates 
NPs to increase its therapeutic effects is con-
sidered by many researchers [31-33]. Curcum-
in is a well-studied natural compound due to 
its cancer inhibition and anti-cancer activities 
influenced by multiple signaling pathways. In 
addition, enhancing the uptake in cancer cells 
and improving the therapeutic effects of cur-
cumin were demonstrated by the NPs loaded 
with curcumin. Fengxia Li et al. used polylac-
tic acid to load curcumin in 2011 [34]. The re-
searchers used methods for creating magnetic 
fluids by coating nanoparticles with Dextran 
and pluronic polymer and loading curcumin. 
This study aimed to release curcumin, an anti-
cancer agent, and produce a contrast agent in 
MRI [35]. Ning Wang et al. used PEO-PPO-
PEO copolymers to coat nanoparticles and 
curcumin in coated nanoparticle structures 
[36]. Kwok Kin Ch et al. loaded curcumin into 
the structure of magnetic nanoparticles coated 
with polyethylene glycol and polylactic [37]. 
In addition, Mankala et al. introduced curcum-
in into magnetic nanoparticles coated with 
dextran and polylysine [38]. In the present 
study, the surface of Fe3O4 nanoparticles syn-
thesized using citric acid (CA) was modified 
to bind into curcumin without the use of any 
polymer coating. Studies indicate that if the r2/
r1 content is less than 5, the contrast agent is 
known as the T1 weighted contrast agent. The 
data suggest that the nanoparticle synthesized 

in the present study could be identified as a 
positive contrast agent. Curcumin can also be 
used as a potential therapeutic agent due to its 
anti-cancer properties.

Conclusion
Fe3O4@C NPs were synthesized by co-

precipitation of iron ions and subsequently 
covered with curcumin. The NPs were char-
acterized by TEM, DLS, and Zeta potential 
techniques. TEM images showed Fe3O4@C 
nanoparticles have an average size of 3.5 nm, 
and the hydrodynamic diameter of MNP was 
12.73 nm using the DLS test. The data re-
lating to the parameters r1, r2, and r2/r1 were 
0.603, 1.3, and 2.155, respectively. Fe3O4@C 
NPs are promising magnetic NPs that may be 
concurrently used as a T1 assessment agent 
in MRI, magnetically targeted drug delivery 
systems, and biomedical applications. Further 
research could help extend this method for 
preclinical and clinical use. According to the 
results, Fe3O4@C NPs can have the potential 
for further evaluation for diagnostic and treat-
ment purposes.
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