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Abstract 

Background Ultrasmall superparamagnetic iron oxide (USPIO) nanoparticles are of potential magnetic resonance 
imaging (MRI) contrast agents for tumor diagnosis. However, ultrasmall particle size or negative surface charge lead to 
relative short half-life which limit the utilization of USPIO for in vivo MRI contrast agents.

Methods Superparamagnetic  Fe3O4 nanoparticles coated with polyacrylic acid (PAA)were synthetized, and modified 
by 3-amino propanol and 3-diethyl amino propyl amine. The characteristics of superparamagnetic  Fe3O4 nanopar-
ticles were investigated through transmission electron microscopy, X-ray diffraction analysis, Zata potential analysis, 
thermogravimetric analysis, and relaxation properties analysis. Magnetic resonance imaging animal experiment was 
performed.

Results The synthetized nanoparticles were irregular spherical, with small particle size, few agglomeration, and good 
dispersion in water. After modification, the potential fluctuation of nanoparticles was small, and the isoelectric point 
of nanoparticles changed to high pH. After 3-amino propanol modification, the weight loss of the curve from 820 
to 940 °C was attributed to the decomposition of 3-amino propanol molecules on the surface. The T1 relaxation rate 
of nanoparticles changed little before and after modification, which proved that the modification didn’t change the 
relaxation time. Brighter vascular images were observed after 3-amino propanol modification through measurement 
of magnetic resonance tumor imaging.

Conclusion These data indicated the  Fe3O4 nanoparticles modified by 3-amino propanol should be a better contrast 
agent in the field of magnetic resonance tumor imaging.
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Introduction
Magnetic resonance imaging (MRI) is a noninvasive 
and radiation-free medical imaging technology, which 
has become one of the most effective clinical means to 
diagnose soft tissue lesions [1]. In the diagnosis of vari-
ous tumor diseases, gadolinium contrast agents are often 
injected clinically to enhance the contrast of the target 
blood vessels [2]. However, gadolinium contrast agents 
have a short half-life in  vivo and are prone to generate 
background noise, so the scanning time window in the 
equilibrium period is short [3]. In addition, gadolinium 
contrast agent has the risk of renal fibrosis [4].

Ultrasmall superparamagnetic iron oxide (USPIO) nan-
oparticles contrast agents have long half-life and widened 
acquisition time window [5]. In addition, USPIO can be 
used for high-resolution scanning in equilibrium period, 
which has high clinical application value. After injecting 
USPIO, multiple regions of interest could be scanned at 
the same time, such as angiography, local tumor imag-
ing, and provincial metastasis imaging that requires 
respiratory gating and other imaging time [6]. As a sup-
plement to the first pass imaging, the balance phase scan 
can more comprehensively show the metastasis of other 
parts of the body [7]. For tumor patients, after one injec-
tion, the patient can be repeatedly checked. Meanwhile 
tumors could be tracked and analyzed.

As a blood pool contrast agent, USPIO has the advan-
tages of long half-life, biodegradability, and can be 
metabolized by cells into human normal plasma [8]. As 
T2 contrast agent, USPIO’s main strengthening mecha-
nism is magnetic susceptibility effect, and its relaxation 
rate is about 7 ~ 10 times of  Gd3+ under the same condi-
tions [9]. A small dose can produce a local magnetic field 
gradient several orders of magnitude higher than that of 
paramagnetic contrast agent. USPIO uses the high per-
meability of malignant tumors to macromolecular con-
trast agents to differentiate benign and malignant tumors 
[10]. In normal tissues or benign tumors, USPIO could 
not pass through the complete capillary basement mem-
brane, and there were no blue dye particles under the 
light microscope [11]. Moreover, tumor cells can phago-
cytize iron particles, so USPIO can improve the specific-
ity of tumor diagnosis [12].

At present, the main preparation methods of USPIO 
are: co-precipitation method, high temperature thermal 
decomposition method, and polyol method. These three 
methods can regulate the particle size of USPIO, and 
each has its advantages and disadvantages. The co-pre-
cipitation method has mild conditions and is easy to be 
prepared on a large scale, but the monodispersity of the 
nanoparticles is poor [13]. The nanoparticles obtained by 
high-temperature thermal decomposition method have 
high crystallinity, narrow particle size distribution, and 

the accuracy of particle size regulation can be controlled 
within 1 nm [14]. However, the reaction needs to be car-
ried out under high temperature conditions. The nano-
particles obtained are oil-soluble. Before being applied to 
biomedicine, additional phase transfer should be carried 
out to convert oil solubility to water solubility. The steps 
are complex, and the application is limited to a certain 
extent [15]. Polyol is a polar solvent, which can dissolve 
most inorganic metal salts to form a solution, and its high 
boiling point can provide high reaction temperature. It 
has strong reducibility at high temperature, and has been 
widely used to prepare nano-metal and oxide particles.

Polyethylene glycol is commonly used as surface coat-
ing agent [16]. The surface coating content and the size of 
nanoparticles are mutually restricted. The particle size is 
negatively correlated with surface organic matter content. 
Same size nanoparticles with different thickness of sur-
face coating agent are hardly achieved [17]. In this study, 
polyacrylic acid coated nanoparticles were prepared 
first, and then EDC/NHS was used as a coupling agent 
to connect 3-amino propanol to convert the surface car-
boxyl groups of nanoparticles into hydroxyl groups. This 
ensures that the surface hydroxyl coated nanoparticles 
can be obtained without changing the particle size, which 
is conducive to extend half-life in vivo without changing 
the relaxation property. 3-amino propanol was used as an 
alkaline hydrolysate, which was a polar liquid and could 
be miscible with polyols. 3-amino propanol has both 
amino and hydroxyl groups, and the hydroxyl group is 
reducible. The amino group is alkaline, has a high boiling 
point (175 °C), and is miscible with ethylene glycol [18]. 
Therefore, this method is simple and easy to repeat.

In this study, USPIO with particle size 8–10  nm was 
successfully prepared with 3-amino propanol as hydro-
lysate. The application of 3-amino propanol modified 
USPIO as magnetic resonance blood pool contrast agent 
was investigated.

Methods
Synthesis of superparamagnetic  Fe3O4 nanoparticles
Polyacrylic acid (0.3614 g) and anhydrous ferric chloride 
(0.3320  g) were put into a beaker containing 15.0 mL 
diethylene glycol solvent. The mix solutions were stirred 
with a glass rod, and heated at 200  °C. Sodium hydrox-
ide solid (1 g) was dissolved in 10.0 mL diethylene glycol 
and dissolved by ultrasound and heated to 80  °C. 2 mL 
diethylene glycol solution containing sodium hydroxide 
were added to mix solutions. After 10 min, heating was 
stopped. Ethyl acetate was added and black precipitate 
was obtained. The upper clear liquid was poured after 
centrifuging, and the black precipitate was dissolved with 
absolute ethanol, and this step was repeated 4 times. The 
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precipitate was dissolved with 10 mL distilled water, and 
lyophilized.

Modification of superparamagnetic  Fe3O4 nanoparticles 
by 3‑amino propanol
Prepared nanoparticles (2 mL) were put into conical 
flask. 0.1153  g N-hydroxysuccinimide (NHS) were dis-
solved in 5 mL distilled water, and put into the conical 
flask. 0.161 g 3-dimethylaminopropyl-3-ethyl carbodiim-
ide hydrochloride (EDC) were dissolved in 5 mL distilled 
water, and put into the conical flask. 130 µL 3-amino pro-
panol were put into the conical flask. The mixed solutions 
were oscillated for 24 h, and EDC (0.0344 g) solution was 
added every 30  min during oscillation. After filtration, 
the solutions were lyophilized.

Modification of superparamagnetic  Fe3O4 nanoparticles 
by 3‑diethyl amino propyl amine
Prepared nanoparticles (2 mL) were put into coni-
cal flask. 0.1116 g NHS were dissolved in 5 mL distilled 
water, and put into the conical flask. 0.171  g EDC were 
dissolved in 5 mL distilled water, and put into the coni-
cal flask. 200 µL 3-diethyl amino propyl amine were put 
into the conical flask. The mixed solutions were oscillated 
for 24  h, and EDC (0.0205  g) solution was added every 
30  min during oscillation. After filtration, the solutions 
were lyophilized.

Morphology analysis of nanosphere
The diluted nanoparticles were dropped onto the cop-
per net sprayed with carbon film, covered with Petri 
dishes and dried naturally. The regular shape of magnetic 
nano-microspheres and their distribution in the aque-
ous dispersion were observed by transmission electron 
microscope.

X‑ray diffraction analysis
The lyophilized nanoparticles were used for X-ray dif-
fraction analysis. The half peak width of the diffraction 
peak of magnetic nanoparticles were scanned by X-ray 
diffractometer (D/max-2200/PC, Rigaku, Japan), which 
indicated the composition and average grain size of 
nanoparticles.

Particle size and Zata potential analysis
The nanoparticles were prepared as described in 2.1, 2.2, 
and 2.3. The particle size and Zata potential of each solu-
tion were measured by laser nano particle sizer (Malvern, 
UK).

Thermogravimetric analysis
The nanoparticles were prepared as described in 2.1, 
2.2, and 2.3. The content of organic matter on the 

surface of nano particles before and after modifica-
tion was measured by thermogravimetric analyzer 
(SPA449F, Netzsch, Germany).

Relaxation properties analysis
The nanoparticles solutions were adjusted to differ-
ent concentration ranging from 0.01 to 5.5 mM. Then, 
nuclear magnetic resonance relaxation meter (Mq60, 
Bruker, Germany) was used to test the relaxation signal.

Magnetic resonance imaging animal experiment
New Zealand white rabbits (2–3 months, 2.5-3 kg) pur-
chased from Charles River (Beijing, China) were used in 
this study. Animals were divided into 3 groups includ-
ing group Gadolinium butoxide, group  Fe3O4 nano-
particles, and group  Fe3O4 nanoparticles modified by 
3-amino propanol. VX-2 tumor specimen was used for 
rabbit tumor implantation. After anaesthesia with keta-
mine (40 mg/kg) and xylazine (5 mg/kg) through intra-
muscular injection, the parts of hind limbs were shaved 
and disinfected. Minced VX-2 tumor (0.5 mL) were 
injected into the hind limbs of animals with 16-gauge 
needle. After 2 weeks, the tumors were around 1–2 cm, 
and magnetic resonance imaging was conducted. 
The animals were anaesthetized by injected ketamine 
(40  mg/kg) and xylazine (5  mg/kg) intramuscularly 
before magnetic resonance. Gadolinium butoxide (100 
µmol/kg),  Fe3O4 nanoparticles (40 µmol/kg), and  Fe3O4 
nanoparticles modified by 3-amino propanol (40 µmol/
kg) were injected intravenously into animals in different 
groups. The parameters of magnetic resonance instru-
ment were set as follows: TR = 2.79, TE = 1.14 ms, fov 
(region of interest): 160*200mm, matrix: 192*192, spa-
tial resolution: 1 mm*1mm*1mm. Scan was performed 
once before injecting the contrast agent. 1 h after injec-
tion contrast agent, scanning was performed. The signal 
measurement area was located in the tumor area. The 
tumor intensity signal was measured at 6 fixed points of 
tumor in each animal, and average value was calculated.

10 CCK8 assay
The cytotoxicity after modification was measured with 
CCK8 method. Briefly,

Cells (2 ×  104/well) were seeded into 96-well plates. 
After 24  h, the cells were treated with different con-
centrations of superparamagnetic  Fe3O4 nanoparticles 
(5, 10, 20, and 40 µmol/mL) for 24 h. Then, the CCK-8 
kit (#C0037, Beyotime, Beijing, China) was used to 
detected cell proliferation according to the instruction.
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Results
Identification of superparamagnetic  Fe3O4 nanoparticles
The synthetic superparamagnetic  Fe3O4 nanoparti-
cles was identified by transmission electron microscopy 
(Fig.  1A). We found that nanoparticles were irregular 
spherical, with small particle size, and few agglomeration. 
The average particle size of nanoparticles was 8–10  nm 
(Fig. 1B). The result of X-ray diffraction analysis indicated 
that six diffraction peaks in total were observed, and they 
were distributed at 30.20°, 36.55°, 43.27°, 54.58°, 57.43°, 
and 63.73° (Fig.  1C). The corresponding nanoparticles 
crystal planes are (220), (311), (400), (422), (511), (440), 
respectively. The sized nanoparticles after modification 

by 3-amino propanol or 3-diethyl amino propyl amine 
were also investigated through transmission electron 
microscopy. The average particle size of nanoparticles 
modified by 3-amino propanol was 9–10  nm (Fig.  1D-
E). The average particle size of nanoparticles modified by 
3-diethyl amino propyl amine was 16–20 nm (Fig. 1F-G).

Particlesize distribution of nanoparticles analysis 
after surface modification by 3‑aminopropanol or 3‑diethyl 
amino propyl amine
Particle size distribution of nanoparticles analysis after 
surface modification by 3-amino propanol or 3-diethyl 
amino propyl amine was performed on the condition of 

Fig. 1 Synthesis and identification of superparamagnetic  Fe3O4 nanoparticles. A High resolution transmission electron microscopy analysis of 
superparamagnetic  Fe3O4 nanoparticles; B Average particle size of nanoparticles; C X-ray diffraction analysis; D High resolution transmission 
electron microscopy analysis of superparamagnetic  Fe3O4 nanoparticles modified by 3-amino propanol; E Average particle size of nanoparticles; 
F High resolution transmission electron microscopy analysis of superparamagnetic  Fe3O4 nanoparticles modified by 3-diethyl amino propyl amine; 
(G) Average particle size of nanoparticles
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different pH. The particle size distribution was meas-
ured before surface modification firstly (Fig.  2A). The 
size distribution of nanoparticles was between 7 and 
11  nm, mainly between 8 and 10.5  nm (Fig.  2A). The 
average hydrated particle size of nanoparticles with dif-
ferent pH is between 9.97 and 13.1  nm (Fig.  2B). It can 
be concluded that the particle size range of nanoparticles 
prepared by polyols was relatively narrow, and the size of 
nanoparticles was relatively small.

After surface modification by 3-amino propanol, the 
size distribution of nanoparticles was between 4 and 
25 nm, mainly between 7 and 10 nm (Fig. 2C). The aver-
age hydrated particle size of nanoparticles with different 
pH was between 6 and 13  nm, but it was almost 8  nm. 
(Fig.  2D). After modification by 3-amino propanol, the 
particle size distribution of nanoparticles was wider than 
that before modification, indicating that amino group 
partially replaced hydroxyl group in carboxyl group. The 
particle size of the nanoparticles after modification by 
3-amino propanol was smaller than that before modi-
fication, indicating that the nanoparticles were slightly 
hydrolyzed. After surface modification by 3-diethyl 
amino propyl amine, the size distribution was around 
9–30 nm, mainly from 15 to 25 nm (Fig. 2E). The aver-
age hydrated particle size of nanoparticles was between 
13 and 23 nm, but it was almost 15 nm. (Fig. 2F).

Zeta potential and thermogravimetric analysis 
after surface modification
With the change of pH from 3 to 8, the isoelectric point 
of nanoparticles before modification was equal to 4 at 
pH, which indicated that  Fe3+ existed in the solution. 
When pH was between 4 and 8 and the potential was less 
than zero, indicating that carboxyl groups were stable and 
free  Fe3+ was hydrolyzed and precipitated (Fig. 3A). After 
modification, the potential fluctuation of nanoparticles 
was small. The potential of nanoparticles coated with 
3-diethyl amino propyl amine was more positive than 
that of 3-amino propanol, because there were hydroxyl 
groups in 3-amino propanol. These indicated that the 
smaller the particle size of nanoparticles, the greater the 
potential, the better the dispersion in water. After modifi-
cation, the isoelectric point of nanoparticles changed to 7 
and 8, respectively.

Between room temperature to 200  °C, the weight loss 
of nanoparticles was due to the evaporation of free water 

and bound water. The weight loss of group  Fe3O4 from 
200 to 555  °C was mainly due to the pyrolysis of poly-
acrylic acid carbon chain on the surface of  Fe3O4 nano-
particles, and the weight loss rate was 26.54% (Fig.  3B). 
After 3-amino propanol modification, the weight loss 
of the curve from 820 to 940  °C was attributed to the 
decomposition of 3-amino propanol molecules on the 
surface and the breaking of a small amount of unsubsti-
tuted polyacrylic acid molecules. The weight loss rate was 
10.23%. After the modification of 3-diethyl amino propyl 
amine, the weight loss of the curve from 200 to 800  °C 
could be attributed to the decomposition of unreacted 
3-diethyl amino propyl amine molecules and the break-
ing of polyacrylic acid molecules in nanoparticles, and 
the weight loss rate was about 39.48%.

The influence of modification on cell proliferation was 
investigated. Significant decrease of cell viability was 
observed after treatment with 20 or 40 µmol/mL  Fe3O4 
nanoparticles compared with group 0 µmol/mL (Fig. 3C). 
Similar findings were found after treatment with  Fe3O4 
nanoparticles modified by 3-amino propanol or 3-diethyl 
amino propyl amine (Fig. 3C). These results suggest that 
modification won’t exert negative effect on cytotoxicity.

Relaxation properties analysis after surface modification
The values of 1/T1 (Fig.  4A) and 1/T2 (Fig.  4B) with 
change of  Fe3O4 concentration were measured before and 
after modification. We found that with the increase of 
 Fe3+ concentration, the larger 1/T1, the smaller T1 and 
the higher relaxation efficiency. The T1 relaxation rate of 
nanoparticles changed little before and after modifica-
tion, which proved that the modification didn’t change 
the relaxation time (Fig. 4A). Similar data were observed 
regarding 1/T2, and the weakened T2 signal inten-
sity indicated that the T2 weighted image was dimmed 
(Fig. 4B). In addition, the value of  r2/r1 was significantly 
increased after modification (Fig. 4C).

Application of 3‑amino propanol modified 
superparamagnetic  Fe3O4 nanoparticles in magnetic 
resonance tumor imaging
1  h after contrast agent injection, tumor imaging was 
investigated through MRI. In the group Gadolinium 
butoxide, the target tumor image was blurred (Fig. 5A-B) 
due to the short half-life in vivo. However, in the group 
 Fe3O4 nanoparticles, clear vessel image was observed. In 

Fig. 2 Particle size distribution detection after surface modification by 3-amino propanol or 3-diethyl amino propyl amine. A The particle size 
distribution was measured before surface modification; B The average hydrated particle size of nanoparticles with different pH before surface 
modification; C The particle size distribution was measured after surface modification by 3-amino propanol; D The average hydrated particle size 
of nanoparticles with different pH after surface modification by 3-amino propanol; E The particle size distribution was measured after surface 
modification by 3-diethyl amino propyl amine; F The average hydrated particle size of nanoparticles with different pH after surface modification by 
3-diethyl amino propyl amine

(See figure on next page.)
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Fig. 2 (See legend on previous page.)
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addition, brighter vascular images were observed after 
3-amino propanol modification. These data indicated 
the  Fe3O4 nanoparticles modified by 3-amino propanol 
should be a better contrast agent in the field of magnetic 
resonance tumor imaging.

Discussion
This study puts forward a new method for the prepara-
tion of superparamagnetic  Fe3O4 microspheres. The 
superparamagnetic  Fe3O4 nanoparticles were synthe-
sized by using diethylene glycol as the hydrolysis agent, 
anhydrous  FeCl3 as the iron source, polyacrylic acid 
(PAA) as the stabilizer of carboxyl group, and sodium 
hydroxide solid dissolved in diethylene glycol mixture 
as the alkaline hydrolysis agent. Diethylene glycol has 
stronger polarity than ethylene glycol, and it is easily 
soluble in organic matter as solvent, and has high boil-
ing point, so it provides higher reaction temperature [19]. 
The proportion of diethylene glycol was increased, the 

polarity of the system was increased, and the particle size 
of microspheres was decreased [20]. The hydroxyl group 
in diethylene glycol has reducibility, so this material is 
used as a solvent to prepare superparamagnetic  Fe3O4 
nanoparticles.

In this study, the particle size of nanoparticles modi-
fied with 3-amino propanol or 3-diethy lamino propyl 
amine was larger than that before modification, and the 
Zata potential was close to zero. Thermogravimetric 
analysis and relaxation performance analysis were ideal. 
Preparation of USPIO by polyol method was chose, and 
polyol method has unique advantages, compared with 
co-precipitation method and high temperature ther-
mal decomposition method. The iron precursor acety-
lacetone iron used in the high temperature thermal 
decomposition method can be directly decomposed 
into USPIO in polyols without heating any additives [21, 
22]. Ferric chloride used in the coprecipitation method 
can also be dissolved in polyols, alkaline hydrolysate 

Fig. 3 Zeta potential and thermogravimetric analysis after surface modification. A Zeta potential analysis after surface modification. 
B Thermogravimetric analysis after surface modification. C Cell proliferation was measured with CCK8 method (* indicates p < 0.05 compared with 
group 0 µmol/mL)
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and protective agent are added, and USPIO can also be 
obtained by heating reaction [23]. USPIO with precise 
particle size control can be obtained from these two 
different precursors, and the obtained USPIO is water-
soluble with good monodispersity [24]. The surface of 
USPIO with iron acetylacetonate as precursor is coated 
with polyols, which is not easy to be further modified 

[25]. With ferric chloride as precursor, small molecules 
or macromolecules containing carboxyl, amino and 
other compounds can be added to obtain USPIO with 
different surface coating, which is more widely used 
[26]. The thermal stability of materials is one of the indi-
cators to select the performance of materials [27]. Ther-
mogravimetric analysis can be carried out on samples 

Fig. 4 Relaxation properties analysis after surface modification. A The values of 1/T1 with change of  Fe3O4 concentration were measured before 
and after modification; B The values of 1/T2 with change of  Fe3O4 concentration were measured before and after modification; C The values of  r1 
and  r2 were analyzed
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to detect the relationship between sample quality and 
temperature [28]. Whether the sample will be chemi-
cally decomposed under high temperature conditions 
and the thermal stability of the sample can be measured 
by the mass loss on the TGA curve.

In this research, almost same cell proliferation ability 
was observed among different groups on the condition of 
different concentrations, which proved that the modifica-
tion didn’t exert more cytotoxicity (Fig. 3C). The isoelec-
tric point before modification was 4, which corresponds 
to the isoelectric point of carboxyl group. After modifi-
cation, the isoelectric point was around 7 (Fig. 3A). The 
change of isoelectric point suggested that the carboxyl 
group was replaced by hydroxyl group. The surface was 
transformed from carboxyl group to hydroxyl group, and 
the thickness of surface organic matter increased, but 
the relaxation rate was not changed significantly, which 
is conducive to the subsequent application of magnetic 
resonance contrast agent.

Meanwhile, through in  vivo tumor imaging experi-
ment, we found that the 3-amino propanol modified 
superparamagnetic Fe3O4 nanoparticles presented a 
significant brighter vascular image compared with group 
Gadolinium butoxide and group  Fe3O4 nanoparticles. 
This experiment indicates that 3-amino propanol modi-
fied superparamagnetic Fe3O4 nanoparticles have longer 
half-life in  vivo. Considering the high safety of 3-amino 
propanol modified superparamagnetic Fe3O4 nanopar-
ticles, it should be a good contrast agent in the field of 
magnetic resonance tumor imaging.

In this research, ultrafine superparamagnetic  Fe3O4 
nanoparticles were successfully synthesized with pol-
yol as solvent, anhydrous  FeCl3 as iron source, 3-amino 
propanol as alkaline hydrolysate and polyacrylic acid 
(PAA) as stabilizer. High resolution transmission elec-
tron microscopy, X-ray diffraction analysis and Raman 

spectroscopy confirmed that the synthesized nanoparti-
cles were  Fe3O4. Zeta potential and thermogravimetric 
analysis confirmed that the surface coated organic matter 
was polyacrylic acid. With the change of pH, the particle 
size does not change significantly (Fig.  2A-B), that is to 
say, water dispersion stability was good without agglom-
eration. In vivo magnetic resonance imaging experiments 
in rabbits suggested that the half-life of USPIO modified 
by 3-amino propanol in this study was longer than that 
of Gadolinium butoxide contrast agent used in clinic and 
 Fe3O4 nanoparticles.

Acknowledgements
Not applicable.

Authors’ contributions
ZS conceived and designed the experiments; CW, YW, WX, XC, and RL 
performed the experiments; CW and FL wrote the paper. All authors read and 
approved the final manuscript.

Funding
The study was supported by Natural Science Foundation of Fujian Province 
(2018J01305 and 2019J01459) and Joint Funds for the innovation of science 
and Technology, Fujian province (2018Y9003).

Availability of data and materials
The datasets used in the current study are available from the corresponding 
author on reasonable request.

Declarations

Ethics approval and consent to participate
We confirm that all methods were carried out in accordance with relevant 
guidelines and regulations (Basel declaration), all methods are reported in 
accordance with ARRIVE guidelines for the reporting of animal experiments. 
The study has been approved by the Ethics Committee of Fujian Medical 
University Union Hospital.

Consent for publication
NA.

Competing interests
The authors declare that they have no competing interests.

Fig. 5 Application of 3-amino propanol modified superparamagnetic  Fe3O4 nanoparticles in magnetic resonance tumor imaging. A Tumor imaging 
was investigated through MRI. B The tumor brightness was analyzed. (* indicates p < 0.05 compared with group Gadolinium butoxide; ns indicates 
no significant difference, red arrows indicate heart position, and blue arrows indicate tumor position)



Page 10 of 10Wang et al. BMC Cancer           (2023) 23:54 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

Received: 16 October 2022   Accepted: 4 January 2023

References
 1. Stinnett G, Taheri N, Villanova J, Bohloul A, Guo X, Esposito EP, Xiao Z, 

Stueber D, Avendano C, Decuzzi P, et al. 2D Gadolinium Oxide Nanoplates 
as T1 magnetic resonance imaging contrast agents. Adv Healthc Mater. 
2021;10(11):e2001780.

 2. Blumfield E, Swenson DW, Iyer RS, Stanescu AL. Gadolinium-based con-
trast agents - review of recent literature on magnetic resonance imaging 
signal intensity changes and tissue deposits, with emphasis on pediatric 
patients. Pediatr Radiol. 2019;49(4):448–57.

 3. Li X, Sun Y, Ma L, Liu G, Wang Z. The Renal Clearable Magnetic Resonance 
Imaging Contrast Agents: State of the Art and Recent Advances. Mol-
ecules. 2020;21(21):5072.

 4. Neuwelt EA, Hamilton BE, Varallyay CG, Rooney WR, Edelman RD, 
Jacobs PM, Watnick SG. Ultrasmall superparamagnetic iron oxides 
(USPIOs): a future alternative magnetic resonance (MR) contrast agent 
for patients at risk for nephrogenic systemic fibrosis (NSF)? Kidney Int. 
2009;75(5):465–74.

 5. Fortuin AS, Meijer H, Thompson LC, Witjes JA, Barentsz JO. Ferumox-
tran-10 ultrasmall superparamagnetic iron oxide-enhanced diffusion-
weighted imaging magnetic resonance imaging for detection of 
metastases in normal-sized lymph nodes in patients with bladder and 
prostate cancer: do we enter the era after extended pelvic lymph node 
dissection? Eur Urol. 2013;64(6):961–3. discussion 963.

 6. Yang SH, Lin J, Lu F, Dai YY, Han ZH, Fu CX, Hu FL, Gu HC. Contrast-
enhanced susceptibility weighted imaging with ultrasmall superpara-
magnetic iron oxide improves the detection of tumor vascularity in a 
hepatocellular carcinoma nude mouse model. J Magn Reson Imaging. 
2016;44(2):288–95.

 7. Wu T, Ding X, Su B, Soodeen-Lalloo AK, Zhang L, Shi JY. Magnetic reso-
nance imaging of tumor angiogenesis using dual-targeting RGD10-NGR9 
ultrasmall superparamagnetic iron oxide nanoparticles. Clin Transl Oncol. 
2018;20(5):599–606.

 8. Philips BWJ, Stijns RCH, Rietsch SHG, Brunheim S, Barentsz JO, Fortuin 
AS, Quick HH, Orzada S, Maas MC, Scheenen TWJ. USPIO-enhanced 
MRI of pelvic lymph nodes at 7-T: preliminary experience. Eur Radiol. 
2019;29(12):6529–38.

 9. Stijns RCH, Philips BWJ, Nagtegaal ID, Polat F, de Wilt JHW, Wauters CAP, 
Zamecnik P, Futterer JJ, Scheenen TWJ. USPIO-enhanced MRI of lymph 
nodes in rectal cancer: a node-to-node comparison with histopathology. 
Eur J Radiol. 2021;138:109636.

 10. Nie Y, Rui Y, Miao C, Li Q, Hu F, Gu H. A stable USPIO capable for MR 
lymphography with ultra-low effective dosage. Nanomedicine. 
2020;29:102233.

 11. Lu T, Wei L, Huang X, Li Y, Li G, Qin Q, Pan M, Tang B, Pan X, Wei M, et al. A 
potentially valuable nano graphene oxide/USPIO tumor diagnosis and 
treatment system. Mater Sci Eng C Mater Biol Appl. 2021;128:112293.

 12. de Gouw D, Maas MC, Slagt C, Muhling J, Nakamoto A, Klarenbeek BR, 
Rosman C, Hermans JJ, Scheenen TWJ. Controlled mechanical ventilation 
to detect regional lymph node metastases in esophageal cancer using 
USPIO-enhanced MRI; comparison of image quality. Magn Reson Imag-
ing. 2020;74:258–65.

 13. Laurent S, Forge D, Port M, Roch A, Robic C, Vander Elst L, Muller RN. 
Magnetic iron oxide nanoparticles: synthesis, stabilization, vectorization, 
physicochemical characterizations, and biological applications. Chem 
Rev. 2008;108(6):2064–110.

 14. Park J, Lee E, Hwang NM, Kang M, Kim SC, Hwang Y, Park JG, Noh HJ, 
Kim JY, Park JH, et al. One-nanometer-scale size-controlled synthesis of 
monodisperse magnetic iron oxide nanoparticles. Angew Chem Int Ed 
Engl. 2005;44(19):2873–7.

 15. Zhang T, Ge J, Hu Y, Yin Y. A general approach for transferring hydropho-
bic nanocrystals into water. Nano Lett. 2007;7(10):3203–7.

 16. Koger B, Kirkby C. Dosimetric effects of polyethylene glycol surface 
coatings on gold nanoparticle radiosensitization. Phys Med Biol. 
2017;62(21):8455–69.

 17. Wei W, Zhang X, Chen X, Zhou M, Xu R, Zhang X. Smart surface coat-
ing of drug nanoparticles with cross-linkable polyethylene glycol 

for bio-responsive and highly efficient drug delivery. Nanoscale. 
2016;8(15):8118–25.

 18. Zamboni CG, Kozielski KL, Vaughan HJ, Nakata MM, Kim J, Higgins LJ, 
Pomper MG, Green JJ. Polymeric nanoparticles as cancer-specific DNA 
delivery vectors to human hepatocellular carcinoma. J Control Release. 
2017;263:18–28.

 19. Mollaeva MR, Nikolskaya E, Beganovskaya V, Sokol M, Chirkina M, 
Obydennyi S, Belykh D, Startseva O, Mollaev MD, Yabbarov N. Oxida-
tive Damage Induced by Phototoxic Pheophorbide a 17-Diethylene 
Glycol Ester Encapsulated in PLGA Nanoparticles. Antioxidants (Basel). 
2021;10(12):1985.

 20. Pireddu R, Sinico C, Ennas G, Schlich M, Valenti D, Murgia S, Marongiu F, 
Fadda AM, Lai F. The effect of diethylene glycol monoethyl ether on skin 
penetration ability of diclofenac acid nanosuspensions. Colloids Surf B 
Biointerfaces. 2018;162:8–15.

 21. Wan J, Cai W, Meng X, Liu E. Monodisperse water-soluble magnetite 
nanoparticles prepared by polyol process for high-performance mag-
netic resonance imaging. Chem Commun (Camb). 2007;47:5004–6.

 22. Hu F, MacRenaris KW, Waters EA, Liang T, Schultz-Sikma EA, Eckermann 
AL, Meade TJ. Ultrasmall, Water-Soluble Magnetite Nanoparticles with 
high relaxivity for magnetic resonance imaging. J Phys Chem C Nano-
mater Interfaces. 2009;113(49):20855–60.

 23. Ge J, Hu Y, Biasini M, Dong C, Guo J, Beyermann WP, Yin Y. One-step 
synthesis of highly water-soluble magnetite colloidal nanocrystals. 
Chemistry. 2007;13(25):7153–61.

 24. Liu Q, Liu L, Mo C, Zhou X, Chen D, He Y, He H, Kang W, Zhao Y, Jin G. 
Polyethylene glycol-coated ultrasmall superparamagnetic iron oxide 
nanoparticles-coupled sialyl Lewis X nanotheranostic platform for naso-
pharyngeal carcinoma imaging and photothermal therapy. J Nanobio-
technol. 2021;19(1):171.

 25. Yamamoto A, Takaki K, Morikawa S, Murata K, Ito R. Histologic distribution 
and characteristics on MR Imaging of Ultrasmall Superparamagnetic Iron 
Oxide in Ethyl-nitrosourea-induced endogenous rat glioma. Magn Reson 
Med Sci. 2021;20(3):264–71.

 26. Xiao R, Ding J, Chen J, Zhao Z, He L, Wang H, Huang S, Luo B. Citric 
acid coated ultrasmall superparamagnetic iron oxide nanoparticles 
conjugated with lactoferrin for targeted negative MR imaging of glioma. 
J Biomater Appl. 2021;36(1):15–25.

 27. Liu L, Liu L, Li Y, Huang X, Gu D, Wei B, Su D, Jin G. Ultrasmall superpara-
magnetic nanoparticles targeting E-selectin: synthesis and effects in mice 
in vitro and in vivo. Int J Nanomedicine. 2019;14:4517–28.

 28. Hong J, Xu D, Yu J, Gong P, Ma H, Yao S. Facile synthesis of polymer-envel-
oped ultrasmall superparamagnetic iron oxide for magnetic resonance 
imaging. Nanotechnology. 2007;18(13):135608.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Carboxylated superparamagnetic Fe3O4 nanoparticles modified with 3-amino propanol and their application in magnetic resonance tumor imaging
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Synthesis of superparamagnetic Fe3O4 nanoparticles
	Modification of superparamagnetic Fe3O4 nanoparticles by 3-amino propanol
	Modification of superparamagnetic Fe3O4 nanoparticles by 3-diethyl amino propyl amine
	Morphology analysis of nanosphere
	X-ray diffraction analysis
	Particle size and Zata potential analysis
	Thermogravimetric analysis
	Relaxation properties analysis
	Magnetic resonance imaging animal experiment
	10 CCK8 assay

	Results
	Identification of superparamagnetic Fe3O4 nanoparticles
	Particlesize distribution of nanoparticles analysis after surface modification by 3-aminopropanol or 3-diethyl amino propyl amine

	Zeta potential and thermogravimetric analysis after surface modification
	Relaxation properties analysis after surface modification
	Application of 3-amino propanol modified superparamagnetic Fe3O4 nanoparticles in magnetic resonance tumor imaging

	Discussion
	Acknowledgements
	References


