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Magnetic resonance imaging (MRI) is an advanced medical imaging diagnostic technique that utilizes different resonance signals
generated by the signal strength of water content and the relaxation time of protons in water molecules under the influence of
an external magnetic field. This technique requires contrast agents, such as Gd-DTPA and Gd-DOTA, which could increase the
risk of renal fibrosis in patients with severe renal insufficiency. The magnetic moment or susceptibility of superparamagnetic
iron oxide nanoparticle (SPION) is higher than that of other paramagnetic substances and could significantly reduce the
dosage of the contrast agent required. In our previous work, the novel magnetic composite nanoparticles (abbreviated as
c(RGDyK)-PDA-SPION) had been successfully synthesized by a facile and simple approach. Further evaluation had
demonstrated that it had an average particle size of about 50 nm and uniform distribution, superparamagnetic properties,
and good dispersion stability in water solution. Animal acute toxicity test also had proved that it had high safety in vivo. In
this work, c(RGDyK)-PDA-SPION was further studied for the cell toxicity and effect on HepG2 cells in vitro, and the MRI
imaging of this contrast agent in HepG2 tumor-bearing mice was also studied. It is an extension of the published work. The
results showed that it possessed high safety and enrichment phenomenon on HepG2 cells in vitro. Animal experimental
data preliminarily prove that the contrast agent could enhance the MRI T2-weighted imaging capability of HepG2
carcinoma in tumor-bearing mice and could be a potential T2 contrast agent.

1. Introduction

Magnetic resonance imaging (MRI), which was first pro-
posed by Lauterbur in 1973 [1], is an advanced medical imag-
ing diagnostic technique that utilizes different resonance
signals generated by the signal strength of water content
and the relaxation time of protons in the water molecules
under the influence of an external magnetic field [2]. In clin-
ical practice, the relaxation time of different healthy or tumor
tissues overlaps with one another, leading to difficult diagno-
sis. Thus, researchers investigated the use of contrast agents
to enhance the signal contrast and improve the resolution

of soft tissue images. At present, more than 30% of MRI
examinations require the use of an MRI contrast agent [3].
By shortening the proton relaxation times T1 and T2, an
MRI contrast agent can improve the signal differences of dif-
ferent organizations or pathological changes and thus facili-
tate the diagnosis of lesions.

The paramagnetic metal ion Gd3+ contains seven
unpaired electrons; as such, the ion possesses large electron
spin magnetic moment, relaxation efficiency, and symmetric
electric field and can easily coordinate with seven to eight
water molecules. Gd3+ has become the best choice for T1
MRI contrast agent [4, 5]. However, Gd3+ easily accumulates
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in the human liver, spleen, bone, and brain and is highly toxic
because of its ionic form [6, 7]. Therefore, scholars must
explore suitable ligands that can form complexes with Gd3+

to reduce its toxicity.
In 1983, Yim et al. [8] applied Gd-DTPA to diagnose

brain tumors for the first time; this contrast agent has been
widely used after securing FDA certification in 1987. How-
ever, Gd-DTPA can produce high osmotic pressure in the
form of sodium or glucosamine ions. In this regard, many
nonionic Gd-DTPA derivatives have been synthesized. To
date, Gd-DOTA is the most stable gadolinium coordination
contrast agent [9]. However, at the end of 2006, the FDA
issued a warning stating that gadolinium contrast agents
could increase the risk of renal fibrosis in patients with severe
renal insufficiency [10, 11].

As a T2 MRI contrast agent, superparamagnetic con-
trast agents are usually composed of a nanometer-sized
iron oxide crystal nucleus and a stable coating material.
The core of the iron oxide crystal is typically Fe3O4,
γ-Fe2O3, or FeOOH [12]. Among these substances, SPION
has attracted increasing attention because of its higher mag-
netic moment and susceptibility ratio than other paramag-
netic materials; moreover, the relaxation efficiency of the
hydrogen nucleus after entering the tissue could signifi-
cantly reduce the dosage of the contrast agent required
[13]. However, naked SPION easily coagulates, exhibits
large particle sizes, and is poorly dispersed because of its
surface hydrophobicity, high surface energy, and magnetic
field influence, which prevent the particles to pass through
capillaries and into tissues; as such, naked SPION has lim-
ited biomedical applications [14]. These issues are circum-
vented by using physical or chemical methods to modify
the particle surface. The most common coating materials
are dextran, glucan derivatives, starch, silicone oil, arabic
galactose, and albumin.

A literature review on SPION surface modification
revealed that most preparation methods are relatively com-
plicated and require strict procedures. Therefore, the prepa-
ration and surface functionalization of SPION is a key step
for solving the limited application of magnetic nanomater-
ials. Dopamine (DA) is the main component of the adhesion
protein of mussel, and its homopolymer is extremely adhe-
sive and can modify the surface coating of various materials
[15, 16]. Researchers have used the self-polymerization and
super adhesion properties of DA to create various hydro-
philic composite materials [17, 18]. However, few studies
have investigated the surface modification of SPION by
using DA and MRI imaging. In a previous work [19] (J
Nanosci Nanotechnol. 2016. http://www.aspbs.com/jnn/),
c(RGDyK)-PDA-SPION was successfully synthesized. Pre-
liminary results demonstrated that the particles of
c(RGDyK)-PDA-SPION are about 50nm in size and are dis-
tributed evenly; the particles possess significant magnetic
properties, good water dispersibility, and high internal secu-
rity. Given its superior performance, c(RGDyK)-PDA-S-
PION was further studied for its in vitro cell toxicity and
in vitro enrichment effect on HepG2. The in vivo MRI imag-
ing law of this contrast agent in HepG2 tumor-bearing mice
was discussed in this paper.

2. Methods and Materials

2.1. Reagents and Instruments. SPION, PDA-SPION,
c(RGDyK)-PDA-SPION (prepared by our laboratory), tryp-
sin, EDTA, DMSO, MTT, RPMI 1640 medium, fetal bovine
serum (Shanghai Yuanye Bio-Technology Co. Ltd.), hepato-
cellular carcinoma cell line HepG2 (Institute of Basic Medi-
cine, Chinese Academy of Medical Sciences), Prussian blue
stain kit (Beijing Solarbio Science & Technology Co. Ltd.),
and HepG2 tumor-bearing mice (Shanghai Ruantuo Biotech-
nology Co. Ltd.) were used in this study.

A CO2 incubator (Thermo HERAcell 240i), a full-
wavelength multifunctional enzyme marker (Thermo
Varioskan Flash), an inverted fluorescence microscope
(Leica, DMI3000B), and a small nuclear magnetic resonance
apparatus (Suzhou Niumag Analytical Instrument Corpora-
tion, MesoMR23-060H-I) were also adopted.

2.2. Cytotoxicity of Magnetic Nanoparticles. HepG2 cells
were cultured and used to investigate the cytotoxicity of
three kinds of particles to human liver cells. The effects of
the three types of nanoparticles on the activity of HepG2
cells were studied by MTT experiment. The inoculation den-
sity of HepG2 cells in the logarithmic growth phase was
4 7 × 105/mL. After the cells became adherent, the superna-
tants of the intervention groups were mixed with different
concentrations of serum-free mixture containing different
surface-modified magnetic nanoparticles (SPION, PDA-S-
PION, and c(RGDyK)-PDA-SPION). Three particle concen-
tration gradients, namely, 5, 10, and 20μg/mL, were applied.
A blank control group was used and added only with
serum-containing RPMI 1640 medium. The cell suspensions
were then cultured at 37°C and 5% CO2 in an incubator for
24 h. Each hole was added with 15μL of MTT and 85μL of
PBS. After 4 h, the culture plate was removed from the incu-
bator, and the supernatant was discarded. Each hole was
added with DMSO (100μL), and 490nm wavelength was
used to determine the absorbance value (optical density
(OD)) of each aperture.

2.3. In Vitro Cell Targeting Enrichment Effect of Magnetic
Nanoparticles. We then determined the concentrations of
the SPION, PDA-SPION, and c(RGDyK)-PDA-SPIONmag-
netic nanoparticles in hepatoma cells. The concentrations of
the RPMI 1640 culture medium without serum were 2, 5,
and 10μg/mL for the three magnetic nanoparticle-exposed
liquids of SPION, PDA-SPION, and c(RGDyK)-PDA-S-
PION. HepG2 cells in the logarithmic growth stage were
inoculated at a cell density of 4.7× 105/mL and in a six-hole
cell culture plate with a cover glass. The cells were cultured
at 37°C in a 5% CO2 incubator. After the cells were adherent
for 24 h, different concentrations of the three magnetic
nanoparticle-exposed liquids and a blank control group com-
posed of only serum-containing RPMI 1640 medium were
added separately and incubated for 24 h. The magnetic nano-
particles were then observed in the liver cancer cells.

Based on the enrichment effect, 10μg/mL was selected
for SPION-, PDA-SPION-, and c(RGDyK)-PDA-SPION-ex-
posed liquids. In the logarithmic phase, 4.7× 105/mL HepG2
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cells were inoculated in a six-hole cell culture plate with a
cover and incubated at 37°C in a 5% CO2 incubator. After
the cells adhered to the wall and the exposed liquids were
added, exposure was performed for 6, 12, 24, and 48 h. The
cells were fixed with 4% paraformaldehyde for 20min, dried,
cleaned with PBS, and subjected to 10% Prussian blue stain-
ing (K4Fe(CN)6·3H2O) and nuclear solid red staining. The
samples were sealed with neutral resin, observed under an
inverted microscope and photographed.

2.4. T2 Relaxation Time Test of Magnetic Nanoparticles. The
resonant frequency of the small nuclear magnetic resonance
instrument (MesoMR23-060H-I) was 23MHz, the magnetic
strength was 0.5T, the coil diameter was 60mm, and the
magnetic temperature was 32.0°C. The three magnetic nano-
particles of SPION, PDA-SPION, and c(RGDyK)-PDA-S-
PION were, respectively, assigned to concentrations of
10.449, 20.898, 41.797, 83.594, and 167.188μg/mL. Five con-
centration gradient solutions were placed in the small nuclear
magnetic resonance instrument coil for testing and analyzing
T2 relaxation time of the contrast agent with nuclear mag-
netic resonance analysis software.

2.5. In Vitro T2-Weighted Imaging Test of Magnetic
Nanoparticles. Debugging small nuclear magnetic resonance
instrument (MesoMR23-060H-I) used resonant frequency
of 23MHz, magnet strength of 0.5T, coil diameter of 60mm,
and magnet temperature of 32.0°C. Six concentration gradi-
ents (0, 10.449, 20.898, 41.797, 83.594, and 167.188μg/mL)
of the solutions of the three magnetic nanoparticles (SPION,
PDA-SPION, and c(RGDyK)-PDA-SPION) were placed in
the coil for detection. Imaging software and MSE sequence
were used to collect images.

2.6. In Vivo MRI Imaging Test of Magnetic Nanoparticles
in Normal Mice. In this experiment, the resonant fre-
quency of the small nuclear magnetic resonance instru-
ment (MesoMR23-060H-I) was 23MHz, the magnetic
strength was 0.5T, the coil diameter was 60mm, and the
magnetic temperature was 32.0°C. The abdominal cavity
of Kunming mice weighing 18–25 g was injected with
0.08mL/10 g weight of 8% chloral hydrate. After anesthesia,
0.2mL of 167.188μg/mL each of the SPION, PDA-SPION,
and c(RGDyK)-PDA-SPION magnetic nanoparticle solu-
tions was injected through the tail vein. MRI signals were col-
lected at 0, 0.5, 1, 2, and 24 h, and the coronal plane images of
mice were recorded using MRI software and MSE sequence.

2.7. MRI Imaging Test of c(RGDyK)-PDA-SPION Contrast
Agent in Tumor-Bearing Mice. A suspension of 1 × 107/mL
HepG2 cells in the logarithmic phase was prepared in
serum-free medium. Subsequently, 0.2mL of the cell sus-
pension was inoculated subcutaneously in the side hip of
BALb/c nude mice. After 15 days, the tumors were about
0.8–1 cm in size.

The resonant frequency of the debug small nuclear
magnetic resonance (MesoMR23-060H-I) was 23MHz, the
magnetic strength was 0.5T, the coil diameter was 60mm,
and the magnetic temperature was 32.0°C. The abdominal
cavity of tumor-bearing mice weighing 20 g was injected with

0.08mL/10 g weight of 8% chloral hydrate. After anesthe-
sia, 0.2mL of 167.188μg/mL of the c(RGDyK)-PDA-S-
PION nanoparticle solution was injected through the tail
vein. The T2-weighted enrichment of MRI imaging of the
c(RGDyK)-PDA-SPION magnetic nanoparticle contrast
agent was tested after 0, 0.5, 1, 2, 6, and 24 h in the cancer,
liver, spleen, heart, and kidney tissues through nuclear mag-
netic resonance imaging software. The imaging effect of the
tumor and the tissues and organs of the tumor-bearing mice
was determined by unifying mapping and pseudo-color
image processing. The optimum imaging times of the
induced tumor and the tissues and organs were determined.

3. Results and Discussion

3.1. Cytotoxicity of the Magnetic Nanoparticles. The MTT
experimental results showed that the three types of magnetic
nanoparticles within the concentration range of 0–20μg/mL
showed no significant influence on the activity of HepG2
cells (Figure 1). Hence, the three kinds of nanoparticles were
biocompatible and safe for liver cells within a controlled con-
centration range.

3.2. Enrichment Effect of Magnetic Nanoparticles In Vitro in
HepG2 Cells. Studies shown that integrin αvβ3 is highly
expressed on the surface of various malignant tumor cells
[20], which plays a significant role in tumor growth, local
infiltration, and metastasis, especially in tumor-induced
angiogenesis. The c(RGDyK), an arginine-glycine-aspartic
tripeptide sequence, could target specifically to intergrin
avβ3-rich tumor cells such as primary hepatocellular carci-
noma [21, 22]. As shown in Figure 2, HepG2 cells were
exposed to different concentrations of SPION solution. The
amount of SPION in the hepatoma cells did not increase with
increasing SPION concentration. Similarly, the content of
PDA-SPION magnetic nanoparticles in HepG2 cells did
not increase with increasing concentration of PDA-SPION
magnetic nanoparticles. In contrast to SPION and PDA-S-
PION, the content of c(RGDyK)-PDA-SPION magnetic
nanoparticles in HepG2 cells augmented upon exposure to
different concentrations of c(RGDyK)-PDA-SPION mag-
netic nanoparticle-containing liquid for 24 h (Figure 2).

As shown in Figure 3, HepG2 cells were exposed to
10μg/mL SPION magnetic particle solution. As the expo-
sure time was prolonged, the content of SPION magnetic
nanoparticle did not change significantly in HepG2 cells.
Similarly, the content of PDA-SPION magnetic nanoparti-
cles in HepG2 cells exposed to 10μg/mL PDA-SPION
magnetic nanoparticle solution showed no significant
changes. The content of c(RGDyK)-PDA-SPION magnetic
particles in HepG2 cells did not significantly increase with
prolonged exposure to c(RGDyK)-PDA-SPION magnetic
particle-containing liquid. Given the surface bonding of
SPION magnetic nanoparticles to the specific molecular tar-
get c(RGDyK), the targeting effect of c(RGDyK)-PDA-S-
PION magnetic nanoparticles on liver cancer cells enhanced
the enrichment effect of the agent on the cells. This effect
may be enhanced by increasing the concentration and
extending the exposure time.
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3.3. T2 Relaxation Time of Magnetic Nanoparticles. The pro-
cess of nuclei returning from an excited state to an equilib-
rium state is called relaxation. The time which it takes is
called relaxation time. There are two types of relaxation time,
namely, T1 and T2. T1 is spin-lattice or longitudinal relaxa-
tion time, and T2 is spin-spin or transverse relaxation time,
which depends on the proton density in the tissues [23].
The magnetic moment and the magnetic susceptibility of
SPION are greater than the human body structure. When
water molecules diffusing through them and interacting with
the proton, the proton transverse magnetization phase
changes and accelerates the process of phase, which makes
T2 of the proton shortened [24]. As shown in Table 1,
increasing concentrations of the three magnetic nanoparticle
contrast agents resulted in decreased T2 relaxation time. The
variation trend in the c(RGDyK)-PDA-SPION contrast
group was more pronounced than those of the SPION and
PDA-SPION contrast groups. Hence, c(RGDyK)-PDA-S-
PION exhibited better imaging capability than the two other
magnetic nanoparticles and can be used as a good MRI T2
contrast agent.

3.4. In Vitro T2-Weighted Imaging of Magnetic
Nanoparticles. A T2-weighted image highlights the relaxation
time T2 and can be divided into grayscale and pseudo-color
images. The grayscale is darker, and the relaxation time
T2 is shorter. The pseudo-color images are bluer, and the
relaxation time T2 is shorter. As shown in Figure 4, the
grayscale color progressively darkened, and the color in the
pseudo-color image slanted blue with increasing concentra-
tion of the three kinds of magnetic nanoparticles. Hence,
the shortened T2 relaxation time corresponded with increas-
ing concentration of the three kinds of magnetic nanoparti-
cles. The imaging pattern of the c(RGDyK)-PDA-SPION

contrast agent group was more prominent than those of the
SPION and PDA-SPION contrast agent groups. After
SPION coupled with c(RGDyK), aggregation was prevented
to a certain extent. The color gradient of the c(RGDyK)-P-
DA-SPION contrast group consequently became evident,
which revealed that it was more suitable than the other par-
ticles as T2 contrast agent.

3.5. In Vivo MRI Imaging of Magnetic Nanoparticles in
Normal Mice. In the coronal plane T2-weighted images
(Figure 5), the liver tissue of the normal mice given with
the SPION contrast agent began to darken in 30min (pseu-
do-color became blue), and the color change was the most
obvious after 1 h. The color of the liver tissue faded (pseudo--
color blue faded) at 2 h. In the PDA-SPION contrast agent
group, changes were observed in the coronal plane T2
-weighted images of liver tissues compared with those in nor-
mal mice 24 h after PDA-SPION was injected via the tail
vein. From the gray image, a slight dimming appeared in
the liver tissue at 30min (pseudo-color became blue). The
imaging effect was the most obvious at 60min, and the color
of the liver began to fade (pseudo-color blue faded) at
120min. Finally, the color of the liver tissue was basically
restored after 24 h to that before the contrast agent was
injected. For the c(RGDyK)-PDA-SPION contrast agent
group, changes were noted in the coronal plane T2
-weighted image of the liver tissues of the normal mice after
c(RGDyK)-PDA-SPION was injected through the tail vein.
In the gray image, the liver tissue began to darken (pseudo--
color became blue) at 30min, and the color change was the
most obvious at 60min. After 24h, the color of the liver tissue
was basically restored to that before the c(RGDyK)-PDA-S-
PION contrast agent was injected.

Experimental results showed that the enrichment effects
of the three contrast agents on the liver were stronger than
that on any other organ. Within 1 h, the maximum concen-
tration of the three types of particles was achieved in the liver;
the most obvious color change was also observed in the liver
relative to the surrounding tissue. The color change abated
and basically recovered after 24 h to the color before the
injection. Thus, in the c(RGDyK)-PDA-SPION contrast
agent group, the best liver imaging acquisition time was
about 1 h. The basic metabolism of the particle in the liver
was completed within 24h. The results provide experimental
basis for in vivo study of the c(RGDyK)-PDA-SPION con-
trast agent in tumor-bearing mice.

3.6. MRI Imaging of c(RGDyK)-PDA-SPION Contrast Agent
in Tumor-Bearing Mice. As shown in the grayscale and
pseudo-color images of Figure 6, after the tail vein injection
of c(RGDyK)-PDA-SPION contrast agent, T2-weighted
imaging of a tumor-burdened mouse liver and tumor showed
variation law with prolonged time after injection of the con-
trast agent into the tumor-burdened mouse liver. The tumor
tissues were gray in the grayscale image and bright blue in the
pseudo-color image. The gray color of the liver tissue in the
grayscale image and the blue color in the pseudo-color
images became deepest at 60min. After 2 h, the gray color
of the grayscale image lightened, and the blue color of the
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Figure 1: The MTT assay on the effects of three magnetic
nanoparticles on HepG2 cells. HepG2 cells were exposed to 0, 5, 10,
and 20μg/mL SPION, PDA-SPION, and c(RGDyK)-PDA-SPION
magnetic nanoparticles for 24 hours. Three magnetic nanoparticles
all showed no significant effects on HepG2 cells.
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Figure 2: HepG2 cells were exposed to 0 (a), 2 (b), 5 (c), and 10μg/mL (d) SPION, PDA-SPION, and c (RGDyK)-PDA-SPION magnetic
nanoparticles for 24 hours. Enrichment results of magnetic nanoparticles in HepG2 cells were detected.
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Figure 3: HepG2 cells were exposed to 10μg/mL SPION, PDA-SPION, and c (RGDyK)-PDA-SPION magnetic nanoparticles for 6 (a), 12
(b), 24 (c), and 48 hours (d). Enrichment results of magnetic nanoparticles in HepG2 cells were detected.
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pseudo-color images became pale blue; these changes
revealed that the c(RGDyK)-PDA-SPION contrast agent in
the liver has an optimal imaging time of 60min. The results
and preliminary experimental results were unified.

For tumor tissues in the tumor-bearing mice (Figure 6),
the gray color of the grayscale image reached its deepest
and the blue color of the pseudo-color images reached the
darkest 2 h after tail vein injection. The gray color of the gray-
scale image lightened, and the blue color of the pseudo-color
image became red after 6 h. These results suggest that 2 h
may be the best imaging time, which is about 1 h later
than that of the liver. Given the growth of tumor inside
the skin rather than in in situ liver cancer, the penetration
of the c(RGDyK)-PDA-SPION contrast agents into the
tumor tissue was difficult through the tumor blood vessels.

This difference delayed the optimal imaging time. The above
experimental results need to be further studied in an in situ
liver cancer model.

4. Conclusion

In summary, a nanoparticle named c(RGDyK)-PDA-SPION
with a particle size of about 50 nm had been successfully
prepared in our previous work. In this work, c(RGDyK)-P-
DA-SPION was further investigated. We found that the
c(RGDyK)-PDA-SPION displayed a significant signal reduc-
tion with increasing nanoparticle concentration, and they
were nontoxic at lower concentrations from 5 to 20μg/mL,
and they had significant targeting effect of c(RGDyK)-P-
DA-SPION on liver cancer cells. The animal experiment

Table 1: T2 relaxation time shorten of SPION, PDA-SPION, and c(RGDyK)-PDA-SPION, with the concentrations increasing.

T2 (ms)
Concentration (μg/mL)

10.449 20.898 41.797 83.594 167.188

SPION group 159.873 116.743 81.228 50.084 29.506

PDA-SPION group 241.383 208.930 120.440 72.596 37.770

c(RGDyK)-PDA-SPION group 94.364 63.525 42.030 22.070 11.692
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Figure 4: In vitro T2-weighted image of three magnetic nanoparticles, namely, SPION, PDA-SPION, and c(RGDyK)-PDA-SPION. In the
T2-weighted MR image, the c(RGDyK)-PDA-SPION displayed a significant signal reduction with increasing nanoparticle concentration.
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results showed that the maximum concentration of the parti-
cles accumulated in the liver was at about one hour, and they
were almost completely cleared about 24 hours. Further

animal experiments have shown that they could enhance
the MRI T2-weighted imaging capability of tumor-burdened,
and two hours was probably the best imaging time. Animal
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Figure 5: T2-weighted image of three magnetic nanoparticles, namely, SPION, PDA-SPION, and c(RGDyK)-PDA-SPION. The T2-weighted
image change of SPION, PDA-SPION, and c(RGDyK)-PDA-SPION on the liver tissue of the normal mice (ellipse labeled as liver). The
enrichment effects of the three magnetic nanoparticles on the liver were significant compared to the other organs. At about one hour, the
maximum concentration of the three particles accumulated in the liver and was almost completely cleared about 24 hours.
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experimental data preliminarily proved that this contrast
agent can enhance the MRI T2-weighted imaging of HepG2
human hepatocellular carcinoma in mice and is a potentially
good T2 contrast agent.
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optimal liver imaging time.
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