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Objective: PEGylated superparamagnetic iron oxide (SPIO) is the most promising alter-
natives to gadolinium-based contrast agents (GBCAs) in MRI. This paper is to explore the 
imaging effects of PEGylated SPIO, which is influenced by particle sizes and surface 
polyethylene glycol (PEG) coating, using as MRI contrast agents at different magnetic 
field intensities.
Methods: Firstly, nine PEGylated monocrystalline SPIO nanoparticles with different nano-
crystal sizes and different molecular weights PEG coating were prepared, and then physical 
and biological properties were analyzed. Finally, MRI imaging in vivo was performed to 
observe the imaging performance.
Results: Nine PEGylated monocrystalline SPIO nanoparticles have good relaxivities, serum 
stability, and biosecurity. At the same time, they show different imaging characteristics at 
different magnetic field intensities. Eight-nanometer SPIO@PEG5k is an effective T2 con-
trast agent at 3.0 T (r2/r1 = 14.0), is an ideal T1-T2 dual-mode contrast agent at 1.5 T (r2/r1 = 
6.52), and is also an effective T1 contrast agent at 0.5 T (r2/r1 = 2.49), while 4-nm 
SPIO@PEG5k is a T1-T2 dual-mode contrast agent at 3.0 T (r2/r1 = 5.24), and is a useful 
T1 contrast agent at 0.5 T (r2/r1 = 1.74) and 1.5 T (r2/r1 = 2.85). MRI studies in vivo at 3.0 
T further confirm that 4-nm SPIO@PEG5k displays excellent T1-T2 dual-mode contrast 
enhancement, whereas 8-nm SPIO@PEG5k only displays T2 contrast enhancement.
Conclusion: PEGylated SPIOs with different nanocrystal sizes and PEG coating can be 
used as T1, T2, or T1-T2 dual-mode contrast agents to meet the clinical demands of MRI at 
specific magnetic fields.
Keywords: magnetic resonance imaging, contrast agents, superparamagnetic iron oxide, 
polyethylene glycol

Introduction
Gadolinium-based contrast agents (GBCAs) are widely used in clinical magnetic 
resonance imaging (MRI). In recent years, however, their safety has been under 
great concern, due to the associated nephrogenic system fibrosis (NSF) and gado-
linium retention.1–3 Superparamagnetic iron oxides (SPIO) have been widely stu-
died as MRI contrast agents for many years, because of their excellent magnetic 
properties and biocompatibility.4–7 SPIO-based nanoparticles demonstrate high 
proton relaxation efficiency and slower kidney clearance, which can be used at 
low concentrations compared with GBCAs.8 Meanwhile, iron, as the main compo-
nent, is also one of the essential elements within the human body, and hence has 
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inherent metabolic pathways in vivo. Therefore, SPIO may 
be considered as the most promising alternative to GBCAs 
in MRI.

SPIOs are small-sized iron oxide nanocrystals (Fe3O4 or 
γ-Fe2O3). To obtain the colloidal stability of these inorganic 
nanocrystals in biological applications, surface coating with 
water-soluble materials is essential.4–7 Polyethylene glycol 
(PEG) is the most commonly used non-ionic hydrophilic 
polymer with good biocompatibility and has been widely 
applied in biopharmaceuticals as a solvent or excipient.9 

PEGylation of biomolecules or drug delivery nanocarriers 
can increase the circulatory half-life, and reduce antigeni-
city as well as immunogenicity in vivo, hence improving its 
pharmaceutical and pharmacological properties.10–12 Over 
the past decade, PEGylated SPIOs have been developed by 
various methods, and they exhibited favorable stability in 
aqueous phase and biocompatibility. For example, the 
amphiphilic polymer based on PEG (PCL-PEG or DSPE- 
PEG) can form micelles when in an aqueous phase and were 
used to encapsulate hydrophobic SPIO to form PEGylated 
SPIO nanoclusters.13–15 The size of these PEGylated SPIO 
nanoclusters ranges from tens to hundreds of nanometers 
and can be tuned by adjusting the ratio between the polymer 
and SPIO. Another method to obtain PEGylated SPIO is to 
modify specific ligands at the end of PEG, which chelates 
iron (III) onto the surface of SPIO nanocrystals.16–19

Previous research has shown that SPIO nanoclusters 
usually have high T2 relaxivity (r2), and can only be used as 
T2 contrast agents.8 However, clinical applications of T2 

contrast agents were limited due to the ‘black holes’ effect, 
which makes it difficult to distinguish between contrast 
enhancement lesions and low signal-to-noise ratio (SNR) 
areas such as calcification, air, hemorrhage, and blood 
clots.20,21 Monodisperse small-sized SPIO nanocrystals 
suppress the T2 effect as a result of their small magnetic 
moment and maintain a high T1 relaxivity (r1). This kind of 
SPIO nanoparticles has been studied as T1 or T1-T2 dual- 
mode contrast agents according to their r2/r1 ratio.22,23 

Therefore, PEGylated small-sized SPIO nanocomposites 
have important clinical application and research value.

The relaxivities (r2 and r1) and dynamic distributions of 
the SPIO nanoparticles in the body are of vital importance 
to its imaging effect in contrast-enhanced MRI (CEMRI) 
and are mainly related to the crystal size, crystal shape, 
surface coating, and aggregation state.24–26 It is hence of 
great significance to systematically study the interactive 
relationship between the properties and parameters of 
PEGylated SPIO, to facilitate advances in its development 

and potential applications. In this paper, we designed and 
prepared nine PEGylated monocrystalline SPIO nanoparti-
cles with various nanocrystal sizes and surface PEG lengths 
(Figure 1A), and performed detailed studies of their relaxa-
tion properties in vitro and imaging features in vivo.

Materials and Methods
Synthesis of Dopamine-Modified 
Polyethylene Glycol (PEG-DA)
Polyethylene glycol methyl ether (mPEG-OH) with different 
molecular weights (Mn = 550, 2k, or 5k Da) were purchased 
from Sigma-Aldrich (St Louis, MO, USA). 1-mmol mPEG- 
OH was placed in a 100 mL round bottom flask, and vacuum 
dried for 2 h. 20 mL of dried tetrahydrofuran was added and 
stirred magnetically. Carbonyldiiazole (810 mg, 5 mmol) 
was added in an inert gas atmosphere, and the mixture was 
refluxed overnight. The resulting solution was cooled to 
room temperature by removing the heat source, and 100 μL 
of water was added and stirred for 5 min. Vacuum distillation 
was performed and the product obtained was dissolved in 20- 
mL dichloromethane, and dropped into cold diethyl ether to 
obtain the precipitate (mPEG-CI).

1-mmol mPEG-CI was dissolved in 40 mL of tetrahy-
drofuran. Dopamine hydrochloride (560 mg, 3 mmol) and 
triethylamine (1 mL) were added under an inert gas atmo-
sphere and reacted at room temperature for 24 h. The 
solvent was evaporated using vacuum distillation. The 
product was dissolved in 20-mL dichloromethane, and 
dropped into cold diethyl ether to obtain the precipitate 
which was dried under vacuum conditions to give the 
white powdered product (mPEG-DA).

The Preparation of PEGylated SPIO 
Nanoparticles (SPIO@PEG)
SPIO nanocrystals were synthesized by thermal decomposi-
tion of iron acetylacetonate (Sigma Aldrich, St Louis, MO, 
USA), and the crystal size was tuned by modifying the 
reaction conditions (namely the reaction temperature and 
solvent) as previously reported.27 The detailed procedures 
were described in Supporting Information. The citric acid (1 
g) was dissolved in 70 mL of ultrapure water, and NaOH was 
added to adjust the pH as 7.2. One hundred and ten milliliter 
acetone and 70-mL SPIO hexane solution (containing 50-mg 
nanoparticles) were added. The mixture was stirred and 
refluxed for 48 h. The sodium citrate coated SPIO 
(SPIO@CA) was obtained by centrifugation after ligand 
exchange, and subsequently dispersed in ultrapure water. 
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Then, 150 mg of mPEG-DA (Mn = 550, 2k or 5k Da) and 
5 mL of SPIO@CA solution (containing 10-mg nanoparti-
cles) were mixed and magnetically stirred under a flow of 
nitrogen for 72 h at 40°C after being deoxidized. The solution 
was dialyzed against water for 2 days to obtain PEGylated 
SPIO (SPIO@PEG). The concentration of iron was deter-
mined using an atomic absorption spectrometer (AAS).

Relaxivity of SPIO@PEG Nanoparticles 
in vitro
The samples were diluted to different iron concentrations 
(0.05, 0.1, 0.2, 0.3, 0.4, and 0.5 mmol/L) and placed in test 
bottles. Longitudinal and transverse relaxation times (T1 and 
T2) were measured at room temperature at 0.5 T (by a 0.5 
T magnetic resonance developer relaxation rate analyzer, 
Niumag, Shanghai, China), 1.5 T and 3.0 T (by clinical GE 
MRI systems, General Electric Company, Boston, 
Massachusetts, USA), respectively. Then, T1 or T2 relaxivity 
(r1 or r2) was calculated through the curve fitting of the 
relaxation rate (1/T1 or 1/T2, s−1) versus the iron concentration 
(mM).

Cytotoxicity of SPIO@PEG 
Nanoparticles
The mouse macrophage cell line RAW264.7 cells purchased 
from Procell (Wuhan, Hubei, China), were placed in 96 well 
plates at a concentration of 10 × 103 per well (100 μL), and 
cultured for 24 h in a humidified atmosphere containing 5% 

of CO2. Then, the cells were incubated for 24 h in a culture 
medium that included SPIO@PEG nanoparticles with differ-
ent Fe concentrations (20, 15, 10, and 5 μg/mL). CCK-8 (10 
μL/well) reagent (Bio Basic Inc, Konrad Cres, MO, Canada) 
was added under dark conditions. Absorbance was measured 
after 1 ~ 2 h, and the absorbance was determined using the 
microplate photometer. Cell viability was calculated using 
the following equation: Cell viability (%) = (Ns/Nc) × 100, 
where Ns and Nc are the absorbance of surviving cells treated 
with or without SPIO@PEG nanoparticles. The absorbance 
of media with or without SPIO@PEG nanoparticles was 
corrected and used as blank control for deduction.

Statistical Analysis
Data were presented as mean ± SD (Gaussian distribution) 
or median and IQR (Skewed distribution). Statistical ana-
lysis was performed with SAS 9.4 (Raleigh, North 
Carolina, USA). Weighted ANOVA was used for compar-
ison between groups, and the SNK-q method was used for 
pair-wise comparison. Two-factor ANOVA was used for 
factorial design. When the interaction effects were statis-
tically significant, intra-group and inter-group pair com-
parisons were further conducted, and the Bonferroni 
method was used to adjust P values. The results were 
considered statistically significant when p < 0.05.

Serum Stability Test
SPIO@PEG (8 mmol/L Fe concentration), volumetric 
fraction of 20% fetal bovine serum and PBS were placed 

Figure 1 Conceptual graph of PEGylated monocrystalline SPIO nanoparticles (SPIO@PEG) with various nanocrystal sizes (d) and surface PEG lengths (l). In our research, 
three SPIO crystal particles (4, 6, and 8 nm) and three PEG (Mn = 550, 2k, or 5k Da) were used to prepare nine SPIO@PEG nanoparticles.
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in 37°C water bath for 5 min, 1 h, 3 h, 5 h, and 24 h. 200- 
μL samples were added to 1-mL phosphate-buffered saline 
(PBS) in the colorimetric dishes, and finally the particle 
size distribution was detected by Malvern nanoparticle 
size and zeta potential analyzer (Malvern, England), 
respectively.

In vivo Imaging of Rats
All animal procedures were performed in accordance with 
the Guidelines for Care and Use of Laboratory Animals of 
North Sichuan Medical College and experiments were 
approved by the Animal Ethics Committee of North 
Sichuan Medical College (P20191226). MRI studies were 
performed with a GE 3.0T MRI scanner by using a rat coil 
for transmission and reception of the signal. Sprague 
Dawley (SD) rats (age: 6–8 weeks, weight: 200 g) were 
anesthetized by inhalational anesthesia systems, and an 
MRI scan performed before and immediately after injec-
tion, 1, 30, 60, 120 min and 24 h with the contrast agent 
administered at a dose of 5 mg (Fe)/kg body weight. 
Signal intensity (SI) was measured at each time point, 
and the change in the relative normalized signal intensities 
(NSI) was plotted against time. The MRI sequence and 
parameters were as follows.

Contrast-enhanced magnetic resonance angiography 
(CEMRA) imaging: TE = minimum, TR = 6.2 ms, FOV = 
140 mm × 140 mm, slice thickness = 2.0 mm, and slice 
spacing = 0.6 mm, and flip angle 30°;

T1-T2 dual-mode imaging: T1-mode (GRE sequence, 
TE = 3 ms, TR = 9 ms, flip angle 30°), T2-mode (FSE 
sequence, TE = 76 ms, TR = 4.0 s, flip angle 142°), FOV = 
80 mm × 80 mm, and slice thickness = 3.0 mm;

T2 mapping: FSE sequence, TE = 8, 16, 24, 31, 39, 47, 
55, 63 ms, TR = 1.2 s, FOV = 80 mm × 80 mm, slice 
thickness = 2.0 mm, slice spacing = 0.6 mm, and flip 
angle 90°.

After MRI scan, the rats were kept for another 4 weeks 
and their mental states, activities and feeds were observed. 
No abnormalities were found and none of them died in the 
end, which suggested that SPIOs have no toxicity to rats 
indirectly.

Results
Synthesis of PEG-DA
Catechol-group modified PEG (PEG-DA) was synthesized 
by a two-step chemical modification of mPEG-OH. The 
terminal hydroxyl group of mPEG-OH was activated by 

reaction with 1,1ʹ-carbonyldiimidazole, and then the acti-
vated intermediate reacted with the amino group of dopa-
mine to obtain PEG-DA (Figure S1). Three molecular 
weights mPEG-DA (550 Da, 2k Da and 5k Da) were 
prepared in this work, and the corresponding 1H NMR 
spectra can be found in the supporting information 
(Figures S2–S7).

Synthesis of SPIO Nanocrystals with 
Various Crystal Sizes
SPIO nanocrystals with high-quality were synthesized by 
high-temperature thermal decomposition, and the crystal 
size was tuned by changing the reaction solvent and heat-
ing conditions. The crystal size and dispersity were exam-
ined using transmission electron microscopy (TEM) and 
dynamic light scattering (DLS). As shown in Figure 2A, 
three SPIO nanoparticles displayed favorable monodisper-
sity in TEM, and the lattice fringes were clearly visible in 
the high-resolution TEM (HRTEM) images. The crystal 
sizes were measured by selecting different representative 
areas under the TEM and were 3.7 ± 0.7 nm (4-nm SPIO), 
5.2 ± 1.2 nm (6-nm SPIO), and 6.7 ± 0.9 nm (8-nm SPIO), 
respectively. In the DLS analysis, the SPIO nanoparticles 
show narrow particle size distribution in hexane (PDI: 
0.421, 0.356 and 0.283 for 4 nm, 6 nm and 8 nm SPIO 
nanoparticles, respectively), and there is a slight increase 
in the average size (4.4 ± 3.0 nm, 11.2 ± 6.0 nm and 16.0 ± 
10.0 nm, respectively) due to the surface organic molecu-
lar layer. Selected area electron diffraction (SAED) pat-
terns of this SPIO nanocrystals are shown in Figure S8a– 
S8c. The measured lattice spacing based on the rings in the 
diffraction pattern conformed to the known lattice spacing 
for Fe3O4 crystal (Figure S8d).

Synthesis of PEGylated SPIO with 
Different Crystal Sizes and PEG Lengths
SPIO nanoparticles were transferred to the aqueous phase 
by ligand exchange with sodium citrate. Then, the PEG- 
DA with different molecular weights (550, 2k and 5k Da) 
were chelated onto the surface of the SPIO nanoparticles 
in water. The schematic preparation of PEGylated SPIO 
nanoparticles is shown in Figure S9. Nine PEGylated 
SPIO samples with different crystal sizes and PEG lengths 
were prepared. The particle size distribution of the 
PEGylated SPIO samples in aqueous solution was mea-
sured by DLS and is shown in Figure 2C. The average 
particle size was calculated and is shown in Table S1.
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Relaxivities of PEGylated SPIO at 
Different Magnetic Fields
Relaxivities (r1 and r2) of PEGylated SPIO were measured 
at three main magnetic fields (0.5 T, 1.5 T, and 3.0 T), and 
are listed in Table 1. r1 and r2 increased with an increase in 
the size of the SPIO nanocrystal, and this change is more 
sensitive for r2 which results in an increase of the r2/r1 

ratio. With the increasing molecular weight of PEG, r1 and 
r2 of the PEGylated SPIO nanoparticles also increase. 
Moreover, regular changes were observed at the three 
different magnetic fields. For all PEGylated SPIO, r1 sig-
nificantly reduced with the increase in the magnetic inten-
sity, whereas r2 slightly increased, leading to a sharp 
increase in the r2/r1 ratio.

Serum Stability and Cytotoxicity of 
PEGylated SPIO in vitro
We monitored the changes in the size of the nine 
PEGylated SPIO in DLS after incubation with 20% (v/v) 
fetal bovine serum (FBS) solution at 37°C for 24 h. All the 
data were statistically analyzed, and there were statistical 
differences among some of the data, but we further com-
pared the mean (Number) and median (Intensity) of parti-
cle size at different time points and found no significant 
changes in the mean or median at each time point (4-nm 
SPIO@PEG550 as an example in Table S2A). However, 

particle sizes over 100 nm gradually appeared over time 
(Figures S10–S12), though visible precipitation did not 
occur throughout the experiment. The cytotoxicity of 
PEGylated SPIO nanoparticles was evaluated by CCK-8 
assay on the mouse macrophage cell line Raw 264.7. After 
being incubated with the nine PEGylated SPIO nanoparti-
cles for 24 h, the cells were collected for visual inspection 
under a microscope. No observable morphological 
abnormalities were noted. Figures S13–S15 show the cyto-
toxicity of the nine PEGylated SPIO nanoparticles after 
incubation for 24 h. After statistical analysis, there was no 
statistically significant difference in cytotoxicity between 
different concentrations in nine samples (4-nm 
SPIO@PEG550 as an example in Table S2B, P = 0.256). 
The results suggest that the PEGylated SPIO nanoparticles 
possess reliable biocompatibility in our measured range 
(20-μg Fe/mL).

In vivo MRI Studies of PEGylated SPIO
CEMRA of SD Rats
CEMRA of SD rats was carried out on a clinical 3.0T MRI 
scanner, and the clinical used contrast agent (Magnevist) is 
used as control. Figure 3 and Figure S16 show the MR images 
of SD rats before and after intravenous injection of 4-nm 
SPIO@PEG5k, 6-nm SPIO@PEG5k, 8-nm SPIO@PEG5k 
nanoparticles, or Magnevist with the CEMRA sequence. The 
enhancement of angiography is seen for all but displays 

Figure 2 Size and PEG length-controlled PEGylated monocrystalline SPIO (SPIO@PEG) Nanocomposite. (A) TEM, HRTEM and DLS distribution of three SPIO nanocrystals 
(in hexane). (B) Chemical characterization of polyethylene glycol dopamine-modification. 1H NMR spectra (CDCl3) and characteristic peak assignment of activated 
intermediate (PEG-CI) and end product (PEG-DA). (C) DLS diameter distribution of the nine PEGylated SPIO nanoparticles in water.
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different effects. High contrast imaging for an extended period 
(more than 2 h) is obtained in the 4-nm SPIO@PEG5k group, 
whereas the enhancement is relatively poor and quickly dis-
appears in the other groups. The enhancement disappeared 
within 30 min in the 8-nm SPIO@PEG5k group, and disap-
peared within a few minutes in Magnevist group.

T1-T2 Dual-Mode MRI in Liver
Previous studies of relaxivity in vitro have found that 4-nm 
SPIO@PEG nanoparticles are a typical T1-T2 dual-mode 
contrast agent at 3.0 T (r2/r1= 5.24). To verify its validity 
in vivo, T1-T2 dual-mode MRI of SD rats was performed with 
a clinical 3.0 T MRI scanner. The SD rats liver underwent T1 

WI and T2WI in tandem before and after (1, 30, and 120 min) 
intravenous injection of 4-nm SPIO@PEG5k nanoparticles, 
with 8-nm SPIO@PEG5k nanoparticles as control. Figure 4 
shows the images and corresponding NSI. The results show 
that the liver tissue reveals a hyperintensity in T1WI and 
a hypointensity in T2WI after administration of the 4-nm 
SPIO@PEG5k, and the hepatic vessels are visible. The 

contrast enhancement effect lasts for more than 2 h in the 
T1-T2 dual-mode imaging. On administration of the 8-nm 
SPIO@PEG5k nanoparticles, there is only a slight enhance-
ment in T1WI at 1 min and a strong reduction in T2WI.

MRI T2 Mapping in Liver
Transverse T2 mapping in liver of SD rats proceeded 
before and after administration of SPIO@PEG nanoparti-
cles (Figure 5A). Figure 5B depicts the mean T2 values of 
liver parenchyma at different time points and shows 
obvious changes, and T2 maintained lower values for 
a prolonged time in both 4-nm SPIO@PEG5k and 8-nm 
SPIO@PEG5k groups.

Discussion
PEGylated SPIOs were developed over the past decades 
and may be the most promising alternative to GBCAs in 
MRI contrast agent. However, there was a lack of systema-
tic study on the effects of particle size, PEG length, and 
magnetic field strength on its imaging. In our study, we 

Table 1 Relaxivities of Nine PEGylated SPIO Nanoparticles and Commercial Contrast Agent (Magnevist and Ferumoxytol) at 
Different Main Magnetic Fields

Sample 0.5 T 1.5 T 3.0 T

r1 (mM−1 s−1) r2 (mM−1 s−1) r2/r1 r1 (mM−1 s−1) r2 (mM−1 s−1) r2/r1 r1 (mM−1 s−1) r2 (mM−1 s−1) r2/r1

4-nm SPIO@PEG550a 14.2 24.6 1.73 11.5 35.5 3.08 6.99 41.5 5.94

4-nm 

SPIO@PEG2ka

13.5 22.5 1.67 11.4 30.9 2.71 7.57 33.1 4.38

4-nm 

SPIO@PEG5ka

16.1 28.0 1.74 14.2 40.5 2.85 8.82 46.2 5.24

6-nm 

SPIO@PEG550a

28.1 54.9 1.95 14.2 67.5 4.76 6.84 67.9 9.92

6-nm 

SPIO@PEG2ka

29.1 63.1 2.17 16.9 70.6 4.17 8.36 72.2 8.63

6-nm 

SPIO@PEG5ka

34.2 70.1 2.05 19.8 77.8 3.93 10.2 81.4 7.96

8-nm 

SPIO@PEG550a

41.6 102.7 2.47 17.2 117.1 6.81 7.94 119.4 15.1

8-nm 

SPIO@PEG2ka

45.3 111.0 2.45 19.0 122.0 6.42 8.60 129.5 15.1

8-nm 

SPIO@PEG5ka

47.3 118.1 2.49 20.0 130.1 6.52 10.1 141.4 14.0

Magnevist 

(GdDTPA)

3.72 4.29 1.15 3.56 4.08 1.15 3.58 3.96 1.11

Ferumoxytolb 38.0 85 2.24 19.9 60.8 3.06 10.0 62.3 6.23

Notes: aMeasurement in this work, room temperature; bData from Knobloch et al38 and Questions and answers in MRI (http://mriquestions.com/ferumoxytol.html).39
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Figure 3 MRA images of SD rats before and after intravenous injection of SPIO@PEG nanoparticles. High contrast imaging more than 2 h is obtained in the 4-nm 
SPIO@PEG5k group.

Figure 4 (A) SD rats hepatic T1-T2 dual-mode imaging before and after intravenous injection of 4-nm SPIO@PEG5k or 8-nm SPIO@PEG5k; (B) NSI in liver parenchyma on 
T1WI; (C) NSI in liver parenchyma on T2WI.
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successfully prepared nine PEGylated monocrystalline 
SPIO with different crystal sizes and PEG lengths firstly, 
and then designed systematic experiments to study their 
performances and characteristics as MRI contrast agent.

To obtain PEGylated monodispersion SPIO, catechol- 
group modified PEG (mPEG-DA) was designed and 
coated on the surface of inorganic SPIO nanocrystals by 
the coordination of catechol and Fe3+ (Figure 1), which 
was commonly used in previous studies.28,29 MPEG-DA 
was synthesized by a two-step chemical modification of 
mPEG-OH, and confirmed by 1H NMR spectra of the 
activated intermediate and the final product. The charac-
teristic peaks of PEG (1 and 2) and the imidazole ring (3, 
4, and 5) appear together in the 1H NMR spectrum of 
mPEG-CI showing the activation of the terminal hydroxyl 
group, and disappearance of the imidazole ring peaks and 
appearance of the dopamine peaks (7, 8, and 9) in the 
1H NMR spectrum of mPEG-DA (Figure 2B). Then, 
mPEG-DA with different molecular weights (550, 2k and 
5k Da) were chelated onto the surface of three SPIO 
nanocrystals with different size, respectively, to obtain 
nine PEGylated SPIO samples with different crystal sizes 
and PEG lengths. These SPIO nanoparticles show narrow 
particle size distribution in the aqueous phase and the size 
increases with crystal size and the molecular weight of 
PEG-DA (Figure 2C). It demonstrated that the longer PEG 
molecules can create a thicker hydration layer on the sur-
face of the SPIO nanocrystals.

T1 relaxivity (r1) and T2 relaxivity (r2) are the recipro-
cal of T1 and T2 relaxation time per unit concentration of 
contrast agents, and represent the net effectiveness of 

shorter T1 and T2 relaxation times in MRI. r2/r1 ratio can 
be used to classify a contrast agent as a T1, T2, or T1-T2 

dual-mode contrast agent in MRI enhancement applica-
tion. Generally, T1 contrast agents have a low r2/r1 ratio 
and can produce bright images in a T1-weighted sequence, 
like paramagnetic chelates of gadolinium (Gd3+), iron (Fe3 

+), or manganese (Mn2+) ions (r2/r1 ratio approximately 
equal to 1).3 T2 contrast agents possess a high r2/r1 ratio 
(greater than 10) and can produce dark images in a T2 or 
T2*-weighted sequence, like most of the magnetic 
nanoparticles.13 The ideal T1-T2 dual-mode contrast agent 
should have an intermediate r2/r1 ratio (5 ~ 8), and hence 
can be used for contrast enhancement in T1-T2 dual-mode 
MRI.30 Ferumoxytol is one of the SPIO commercial pro-
ducts with an average of 30 nm size. Its r1, r2 and r2/r1 are 
similar to the 6-nm SPIO sample synthesized in our study 
(Table 1), but the crystal shape and stability are not so 
excellent, on account of synthesized by coprecipitation 
method. Ferumoxytol is more likely to be captured by 
the reticuloendothelial system and has a shorter half-life 
of blood. Relaxivities of PEGylated SPIO at different 
magnetic fields show that the crystal size and the PEG 
length significantly influence the relaxivities of the 
PEGylated SPIO nanoparticles. The 8-nm SPIO@PEG5k 
has extremely high r1 and r2, is a good T2 contrast agent at 
3.0 T (r2/r1 = 14.0), is an ideal T1-T2 dual-mode contrast 
agent at 1.5 T (r2/r1 = 6.52), and is also an effective T1 

contrast agent at 0.5 T (r2/r1 = 2.49); 4-nm SPIO@PEG5k 
also has high r1 and r2, is T1-T2 dual-mode contrast agent 
at 3.0 T (r2/r1 = 5.24), and is a good T1 contrast agent at 
0.5 T (r2/r1 = 1.74) and 1.5 T (r2/r1 = 2.85). These results 

Figure 5 (A) Transverse T2 mapping of SD rat liver, (B) Mean T2 values in liver parenchyma before and after intravenous injection of 4-nm SPIO@PEG5k or 8-nm 
SPIO@PEG5k.
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indicate that it depends not only on the material itself but 
also on the main magnetic field strength for a contrast 
agent to be effective as T1, T2, or T1-T2 dual-mode contrast 
agent in MRI. However, this is often overlooked in pre-
vious reports. Consequently, the PEGylated SPIOs display 
good relaxivity but demonstrate different enhancement 
features. PEGylated SPIOs with different nanocrystal 
sizes and surface PEG lengths can be used as T1, T2, or 
T1-T2 dual-mode contrast agent at the appropriate mag-
netic field in MRI enhancement application.

The biodistribution and clearance of nanoparticles were 
heavily dependent on their stability and their interactions 
with proteins in plasma upon entering the bloodstream. 
Regarding serum stability test results of SPIO, statistical 
differences were found between some different sizes at 
different time. However, the differences had no clinical 
significance, because of the tiny change of mean particle 
sizes, which may be caused by attaching of major compo-
nents of serum to SPIO, like proteins. PEGylated SPIO 
creates a PEG hydration layer on the surface of the SPIO 
nanocrystals, which can prevent non-specific binding to 
proteins in plasma. This is also an important factor impact-
ing the imaging effect and characteristics for MRI nano 
contrast agents. In addition, all the nine PEGylated SPIO 
samples showed no statistical toxic effect on mouse 
macrophage cell line Raw 264.7, which suggested that 
PEGylated SPIO samples have good biological safety.

To evaluate the contrast enhancement of different 
PEGylated SPIO in vivo, three typical MR imaging 
sequences were used to study SD rats at a GE 3.0 T MRI 
scanner. CEMRA is an important clinical tool to detect 
cardiovascular diseases, such as vascular malformation, 
myocardial infarction, atherosclerotic plaque, and tumor 
angiogenesis.31–34 Usually, the CEMRA sequence uses ultra- 
short TE and TR to enable a high T1 weighting and to obtain 
high-resolution blood vessel imaging after administration of 
an intravenous T1 contrast agent. The CEMRA of SD rats is 
consistent with the in vitro data, 4-nm SPIO@PEG5k is a T1 

-T2 dual-mode contrast agent, while 8-nm SPIO@PEG5k is 
only a T2 contrast agent at 3.0 T. Another reason is that larger 
particles are more easily cleared by the reticuloendothelial 
system, which leads to a short circulation time for 8-nm 
SPIO@PEG5k. Therefore, 4-nm SPIO@PEG5k is more sui-
table for CEMRA in MRI. T1-T2 dual-mode MRI can easily 
produce an accurate match of spatial and temporal imaging 
parameters and provide cross-validation information.35,36 As 
a result, it is routinely performed in clinical diagnostics. The 
results of T1-T2 dual-mode MRI in rats’ liver confirm that the 

4-nm SPIO@PEG5k can be used as a T1-T2 dual-mode 
contrast agent. However, the 8-nm SPIO@PEG5k is only 
a T2 contrast agent at 3.0 T MRI. The T2 value is 
a characteristic parameter of biological tissues, and accurate 
determination of the T2 value is helpful to enhance disease 
detection and monitoring. It is used in dynamic contrast agent 
studies, diagnosis of epilepsy, and determination of the sever-
ity of Parkinson’s disease in clinical practice.37 These data of 
MRI T2 mapping in rats’ liver illustrate that 4-nm 
SPIO@PEG5k and 8-nm SPIO@PEG5k have specific liver 
distribution for a long period.

We successfully prepared nine PEGylated monocrys-
talline SPIO nanoparticles with different nanocrystal sizes 
and surface PEG lengths. All these PEGylated SPIO sam-
ples exhibit high relaxivities (r1 and r2) and have different 
enhancement features which are related to their crystal size 
and PEG length. The 8-nm SPIO@PEG5k is an effective 
T2 contrast agent at 3.0 T (r2/r1 = 14.0), is an ideal T1-T2 

dual-mode contrast agent at 1.5 T (r2/r1 = 6.52), and is 
also an effective T1 contrast agent at 0.5 T (r2/r1 = 2.49). 
4-nm SPIO@PEG5k is a T1-T2 dual-mode contrast agent 
at 3.0 T (r2/r1 = 5.24), and is a good T1 contrast agent at 
0.5 T (r2/r1 = 1.74) or 1.5 T (r2/r1 = 2.85). In MRI studies 
of SD rats at 3.0 T, 4-nm SPIO@PEG5k shows excellent 
contrast enhancement in MRA, T1-T2 dual-mode imaging, 
and T2 mapping, whereas 8-nm SPIO@PEG5k only dis-
plays good enhancement in T2WI and T2 mapping.

Conclusions
In summary, PEGylated SPIOs synthesized in this study 
showed high T1 and T2 relaxivity, good biosafety and 
stability, and are the promising contrast agents in MRI. 
Furthermore, PEGylated SPIOs with different nanocrystal 
sizes and surface PEG lengths showed different imaging 
characteristics at various magnetic field intensity and can 
be used as T1, T2, or T1-T2 dual-mode contrast agents to 
meet the clinical demands of MRI at specific magnetic 
fields. Our results can provide a foundation for researchers 
in the selection of nanocrystal size, PEG length and mag-
netic field intensity for further study.
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