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Abstract: Gadolinium-doped mesoporous silica nanoparticles (Gd-MSNs) with potential molecular targeting capa-
bility have drawn worldwide attention as a magnetic resonance imaging (MRI) contrast agent. However, to date, 
Gd-MSNs have exhibited less-than-ideal properties. In this study, a reverse microemulsion method was used to 
dope gadopentetic acid (GA) into the mesopores of mesoporous silica nanoparticles (MSNs) to synthesize, for the 
first time, novel Gd-MSNs with high gadolinium content (GC). These Gd-MSNs were characterized using transmis-
sion electron microscopy (TEM) and a Malvern Zetasizer. The GCs and stability of the Gd-MSNs were determined by 
inductively coupled plasma-atomic emission spectroscopy (ICP-AES). Cell viability was tested via the Cell Counting 
Kit-8 (CCK-8) assay. Finally, cellular and rat MRI was performed to determine the in vitro and in vivo MR enhancing 
effects of the Gd-MSNs. We observed a clearly visible pore structure with a large number of doped GA molecules 
on the Gd-MSNs. The globular Gd-MSNs had higher GC and good stability in a simulated in vitro environment. No 
significant cellular toxicity was observed in either human umbilical vein endothelial cell (HUVEC) or human prostate 
adenocarcinoma cell (PC-3) lines at Gd-MSN concentrations of 25, 50, and 100 μg/mL. According to the cellular 
and rat MRI data, Gd-MSNs had strong MR enhancing effects both in vitro and in vivo. Gd-MSN is a promising novel 
MRI contrast agent for its multifunctional and highly efficient properties.

Keywords: Mesoporous silica nanoparticles, gadopentetic acid, nano-contrast agent, magnetic resonance imag-
ing, reverse microemulsion

Introduction

Magnetic resonance imaging (MRI) is one of the 
most powerful techniques for clinical diagno-
ses [1], especially for the early diagnosis of 
tumors, because of its high soft tissue resolu-
tion [2, 3]. The application of MR contrast 
agents has further improved the diagnostic 
rate of tumors. Currently, MR contrast agents 
are mainly small-molecular gadolinium (Gd) 
chelates that are difficult to combine with bio-
logical macromolecules [4]. Thus, these con-
trast agents do not meet the requirements of 
modern theranostics, which requires contrast 
agents with good targeting ability to achieve 
molecular diagnosis and treatment [5]. There- 

fore, a novel carrier that can combine MR con-
trast agents and targeting groups is needed, 
and many researchers have recently conducted 
studies in this field [6-8].

Commonly used carriers include carbon nano-
tubes [9], superparamagnetic iron oxide nano- 
particles (SPIONs) [10], liposomes and mesopo-
rous silica nanoparticles (MSNs) [11]. All these 
nanoparticles (NPs) have several advantages 
over conventional imaging agents [12]. Load- 
ability is one advantage, wherein the concentra-
tion of the imaging agent can be controlled 
within each NP during the synthesis process. 
Another advantage is the tunability of the sur-
face of the NPs, which can potentially prolong 
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the circulation time of the agent in the blood or 
target a specific location within the body [13]. 
Of course, NPs also have some of their own 
characteristics. SPIONs are widely used as neg-
ative imaging agents, which produce a signal-
decreasing effect [14]. Carbon nanotubes are 
both excellent contrast agents and efficient 
drug carriers, and they can be designed as  
positive or negative imaging agents, or both. 
However, carbon nanotubes are not hydrophilic 
and easily agglomerate in aqueous solutions, 
resulting in biological toxicity [15]. Liposomes 
can solve this problem because of their bio-
compatibility and are thought to have no toxic 
or injurious effects on biological systems [16]. 
However, the lipid composition of liposomes 
influences the relaxivity produced by the con-
trast agents encapsulated or incorporated 
within them. Compared with other NPs, MSNs 
possess larger surface areas and pore vol-
umes; thus, they can be doped with larger 
amounts of contrast agent [17]. In addition, 
these NPs can be combined with antibodies, 
siRNA, aptamers or peptides for MR-targeted 
molecular diagnosis and treatment because of 
the rich abundance of easily modifiable hydrox-
yl groups on their surfaces [18-21]. Additionally, 
they can increase the sensitivity and specificity 
and decrease the dosage and toxic side effects 
of MR contrast agents [17].

MR contrast agents synthesized with MSNs as 
a carrier include magnetic iron oxide NPs, man-
ganese (Mn), Gd, and others. Kim J et al. found 
that core-shell NPs consisted of a single Fe3O4 
nanocrystal core and a dye-doped mesoporous 
silica shell with a poly (ethylene glycol) coating; 
these NPs can be used as MRI and fluores-
cence imaging agents and as drug delivery 
vehicles [22]. Kim T et al. synthesized mesopo-
rous silica-coated hollow Mn oxide NPs as posi-
tive T1 contrast agents for labeling and MRI 
tracking of adipose-derived mesenchymal stem 
cells [23]. Gd-based contrast agents are the 
most widely used due to their higher r1 relax-
ation rate. Hsiao et al. found that Gadopentetate 
dimeglumine (Gd-DTPA) -modified MSNs were 
ideal T1 contrast agents for tracking stem cells 
in MRI [24]. Shao et al. incorporated Gd2O3 mol-
ecules into the MSNs of Mobil Composition of 
Matter No. 41 (MCM-41) to obtain Gd2O3@
MCM41 and demonstrated that this was supe-
rior to current contrast agents and could be 
used for tumor imaging in preclinical studies 
[25].

Many previous studies have used the classical 
Stöber method to synthesize Gd-containing 
MSNs [26-28]. However, NPs synthesized by 
this method usually have less-than-ideal prop-
erties, such as large particle sizes (> 100 nm), 
low gadolinium content (GC) (< 10%), irregular 
sphericity and poor dispersity [29, 30]. These 
properties may be caused by adding the Gd 
complex after synthesizing the MSNs, which 
could lead to the Gd complex attaching only to 
the NP surface. Thus, the attachment of the 
complex to the surface would decrease the 
regularity of both the dispersity and morpholo-
gy of the NPs. Moreover, the preparation pro-
cess of Gd-MSNs in many previous studies was 
divided into several complex steps to combine 
the Gd and NPs with poor reproducibility. To 
overcome these shortcomings, in this study, we 
improved the reverse microemulsion method 
[31] to simplify the preparation process and 
optimize the Gd-MSNs properties.

Reverse microemulsion can produce hydrophil-
ic and fairly uniform-sized NPs and allows easy 
modulation of the NP surfaces for various appli-
cations [32-34]. This method had long been 
applied in the preparation of silica NPs but rare-
ly been used during the synthesis of Gd-MSNs. 
In this study, we innovatively introduced gado-
pentetic acid (GA) solution into the microemul-
sion reaction system when synthesizing MSNs. 
GA was doped into Si-O-Si cages that were cre-
ated by hydrolyzing tetraethylorthosilicate (TE- 
OS) into the MSNs through this method. Thus, 
GA is one component of this reverse micro-
emulsion reaction system. As a result, the 
amount of gadolinium loaded into the MSNs 
was greatly increased. The amount of GC within 
the MSNs and particle size could be controlled 
by adjusting the content of GA solution in the 
reaction system. Furthermore, this improved 
method ensures good spherical structure and 
dispersion of Gd-MSNs, simplifies the experi-
mental steps and increases reproducibility.

In previous studies, Gd chloride and Gd oxide 
were most widely used in the synthesis of 
Gd-MSNs [35, 36]. As a simple compound, the 
Gd ions contained therein leached easily, caus-
ing toxicity [37]. Other studies used stable  
Gd chelates with safe performance, such as 
Gd-DTPA and Gd-DOTA [38-40]. Gd chelates 
have a large molecular weight and are more dif-
ficult to dope into the nanopores of MSNs than 
small-molecular-weight particles. The molecu-
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lar weight of Gd-DTPA is approximately 938, 
and Gd-DOTA is approximately 580. Thus, a 
relatively small-molecular-weight Gd chelate is 
needed. We innovatively utilized GA (molecular 
weight of approximately 547), an important 
intermediate during the synthesis of Gd-DTPA, 
as the imaging agent to synthesize a new type 
of Gd-MSNs.

In this study, we first employed a simple and 
easy reverse microemulsion method using GA 
as an MRI contrast agent to synthesize a new 
type of Gd-MSN; a schematic diagram is shown 
in Figure 1. Adding GA in this method to obtain 
Gd-MSNs in a single step greatly simplified the 
process and greatly increased its reproducibili-
ty. We expect to synthesize a novel, multifunc-
tional and highly efficient MRI contrast agent 
that has a relatively high GC, uniform and con-
trollable particle size distribution, and excellent 
enhanced imaging capabilities in vitro and in 
vivo.

Materials and methods

Materials

Triton X-100, cyclohexane and 1-hexanol were 
purchased from Alfa Aesar Co. (Ward Hill,  
MA, USA). TEOS, GA, Cell Counting Kit-8 (CCK-
8) and fetal bovine serum (FBS) were purchas- 
ed from Sigma Aldrich Co. (St. Louis, MO, USA). 
Acetone, anhydrous ethanol, and ammonia so- 
lution (25-28%) were purchased from Chuan- 
dong Chemical Co, Ltd. (Chongqing, China). A 
dialysis bag with a 1000-Da cutoff was obtain- 
ed from Spectrum Labs (Torrance, CA, USA). All 
chemicals were reagent grade and were used 
as supplied.

the mixture. The resulting mixtures were stirred 
for an additional 30 min followed by the addi-
tion of TEOS (100 μL) and an additional 30 min 
of stirring. Ammonia solution (1.5 mL) was 
added, and the reaction mixture was stirred for 
6 h until a microemulsion was obtained. Finally, 
acetone (4 mL) was added to break the emul-
sion. The particles were isolated by centrifuga-
tion and washing with water and ethanol. Six 
groups of Gd-MSNs with different GCs were 
obtained and named A, B, C, D, E, and F. 
Second, MSNs were synthesized using the 
same procedures, except that 2 mL of water 
rather than the GA aqueous solution was 
added, and this group was named G. 

Characterization of Gd-MSNs

Five milligrams of Gd-MSNs with different GCs 
(groups A-F) and MSNs were dissolved in 1 mL 
of hydrofluoric acid and diluted to 10 mL with 
water. The morphologies of the Gd-MSNs and 
MSNs were observed by transmission electron 
microscopy (TEM) at 80 kV (H-7500, Hitachi, 
Tokyo, Japan). The diameter and zeta potential 
of the Gd-MSNs and MSNs were estimated with 
a Malvern Zetasizer Nano ZS90 (Malvern In- 
strument, UK). The GCs in the NPs were deter-
mined using an inductively coupled plasma-
atomic emission spectrometer (ICP-AES) (ICAP 
6300 Duo, Thermo Fisher, USA). The data were 
collected in triplicate. 

Gd-MSNs (group C, which had the highest GC, 
was chosen) were dispersed in PBS (5 mg/L) 
and added to a dialysis tube (1,000 kD), which 
was then soaked in 100 mL of PBS. The reac-
tion system was placed into a 37°C incubator 
shaker, and the GCs were detected three times 

Figure 1. The fabrication process and a sche-
matic illustration of the structure of Gd-MSNs.

Synthesis of Gd-MSNs 

The Gd-MSNs and MSNs were 
synthesized by a reverse micr- 
oemulsion method [41]. Gd- 
MSNs with different GCs were 
synthesized first. A mixture of 
Triton X-100 (1.77 mL), cyclo-
hexane (7.5 mL) and 1-hexa-
nol (1.8 mL) was stirred for 10 
min. A GA aqueous solution at 
a concentration of 0.274 g/
mL was prepared. Different 
amounts (0.5, 1, 2, 3, 4, and 5 
mL) of GA aqueous solution 
were then separately added to 
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by ICP-AES after shaking for 12, 24, 48, 72, 
and 96 h to evaluate the stability of the Gd- 
MSNs. 

Cell viability test of Gd-MSNs 

The human prostate adenocarcinoma cell line 
(PC-3) was purchased from Procell Life Science 
and Technology Co., LTD (Wuhan, China). The 
cells were cultured in Hams F-12 medium 
(Corning, USA) with 10% FBS and 1% penicillin/
streptomycin (Sigma Aldrich Co., St. Louis, MO, 
USA). The human umbilical vein endothelial cell 
(HUVEC) line was obtained from the Institute of 
Ultrasound Imaging of Chongqing Medical 
University and cultured in RPMI 1640 and 
Dulbecco’s modified Eagle medium (DMEM) 
(Corning, USA) with 10% FBS and 1% penicillin/
streptomycin.

To test the cell viability with the CCK-8 assay, 
the PC-3 cell line (1×104 cells per well) and 
HUVEC cell line (1×104 cells per well) were incu-

est GC) were dispersed in water, and the four 
tubes were then subjected to MRI scanning.

MR images were acquired on an MRI scanner 
(Achieva 3.0T TX, Philips Healthcare, Best, the 
Netherlands) using an eight-channel head coil. 
T1-weighted images were acquired using a fast 
field echo (FFE) sequence with the following 
parameters: TR/TE = 190/2.24 ms; FOV = 
180×34; and matrix = 420×264. T2-weighted 
images were acquired using a turbo spin echo 
(TSE) sequence with the following parameters: 
TR/TE = 1249.58/100 ms; FOV = 178×34; 
matrix = 400×259; and axial slice thickness = 
6 mm. The signal intensities (SIs) of each group 
of NPs and water were measured three times, 
and the relative SI (SIr) between the NPs and 
water was calculated.

In vitro MRI of RAW264.7 cells 

RAW264.7 mouse mononuclear macrophage 
leukemia cells were obtained from the Institute 

Figure 2. TEM images of Gd-MSNs (A) and MSNs (B).

bated with various amounts 
(25, 50, 100, 200, and 400 
μg/mL) of Gd-MSNs (group C, 
which had the highest GC, 
was chosen) in a 96-well mi- 
croplate for 24 h; untreated 
cells served as the control. 
Each concentration was test-
ed five times. The cells were 
washed twice with PBS; then, 
the CCK8 solution (10 μL) was 
added to each well. After 4 h, 
the absorbance was mea-
sured using a Bio-Tek absor-
bance microplate reader (ELx 
800, Bio-Tek Instruments Inc., 
Winooski, VT, USA) at 450 nm.

In vitro MRI of Gd-MSNs

According to the ICP test 
results, we chose groups B, C 
and D, which had relatively 
higher GCs, for in vitro MR 
imaging. The Gd-MSNs and 
MSNs were dispersed in water 
(5 mg/mL). The four tubes 
were subjected to MRI scan-
ning. Second, different con-
centrations of Gd-MSNs (1.6, 
3.2, 6.4 and 12.8 mg/mL) 
(group C, which had the high-

Table 1. The effect of gadopentetic acid (GA) dosing on NP charac-
teristics 

Group Batch: input 
of GA (mL)

Size (mean ± 
SD) (d, nm)

Zeta 
Potential (mV) PDI GCs (mean ± 

SD) (μg/mL)
A 0.5 105.7 ± 50.52 -33.9 ± 4.82 0.132 10.77 ± 0.10
B 1 115.3 ± 59.33 -37.8 ± 4.18 0.180 32.56 ± 0.32
C 2 128.6 ± 61.50 -40.9 ± 4.98 0.145 60.53 ± 0.53
D 3 121.8 ± 48.97 -39.4 ± 4.33 0.128 34.96 ± 0.28
E 4 116.1 ± 62.44 -43.2 ± 5.00 0.174 27.18 ± 0.45
F 5 109.6 ± 62.74 -32.6 ± 4.37 0.139 19.32 ± 0.16
G 0 130.7 ± 71.80 -41.5 ± 5.76 0.196 0.00 ± 0.00
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of Ultrasound Imaging of Chongqing Medical 
University.

RAW264.7 cells were trypsinized, and an ali-
quot of cell suspension was added to each cul-
ture flask to obtain a cell density of 5.0×106 
cells per flask, followed by DMEM (Corning). 
The flasks were then incubated (37°C, 5% CO2) 
for 24 h. Next, the medium was removed and 
replaced with Gd-MSNs (0.6 mg and 1.8 mg) in 
3 mL of media. The final Gd-MSN concentra-
tions were 0.2 and 0.6 mg/mL. The flasks were 
incubated for 2 h. The cells were subsequently 
trypsinized, resuspended in 1 mL of DMEM, 
and centrifuged at 1,000 rpm for 5 min to 
obtain cell pellets. T1- and T2-weighted MR 
images of the pellets were obtained on an MRI 
scanner with the same imaging parameters as 
those used for the in vitro MRI of Gd-MSNs. 
RAW264.7 cells without Gd-MSNs served as 
the control. The SIs of RAW264.7 cells with and 
without Gd-MSNs were measured three times. 
The SIr between the cells and water was 
calculated.

In vivo MRI

Five male Sprague-Dawley (SD) rats that wei- 
ghed between 190 and 210 g each were pur-
chased from the Animal Center of Chongqing 
Medical University. The animal experiments 
were approved by our animal ethics committee 
and were conducted under protocols approved 
by the Institutional Animal Care and Use Com- 
mittee of Chongqing Medical University. All rats 
were anesthetized by isoflurane inhalation an- 
esthesia. The same MRI scanner used in the  
in vitro experiment and a rat experimental coil 

were used. T1- and T2-weighted MR images of 
the abdomen were acquired using a TSE se- 
quence before and at 5, 15, 25 and 35 min 
after injecting Gd-MSNs at a dose of 20 mg/kg 
via tail vein injection. The imaging parameters 
for TSE T1WI were TR/TE = 823.98/10 ms; FOV 
= 180×34; matrix = 420×264; flip angle = 90°; 
and axial slice thickness = 3 mm. The imaging 
parameters for TSE T2WI were TR/TE = 
2001.87/80 ms; FOV = 178×34; matrix = 
400×259; flip angle = 90°; and axial slice thick-
ness = 3 mm. Regions of interest (ROIs) were 
selected in the right lobe of the liver, right renal 
cortex, renal pelvis and psoas major muscle of 
each rat with an area of 2.0 mm2 to avoid large 
blood vessels. Then, ROIs were selected in the 
aorta, hepatic vein and inferior vena cava with 
an area of 0.2 mm2. The SIs of the liver, renal 
cortex, renal pelvis, psoas major muscle, aorta, 
hepatic vein and inferior vena cava were mea-
sured three times, and the SIr between the 
renal cortex, renal pelvis and the psoas major 
muscle were calculated.

Statistical analyses 

The data were analyzed using the Statistical 
Program for Social Sciences (SPSS for Win- 
dows, version 22.00, Chicago, IL, USA). The 
continuous variables are presented as the 
means ± standard deviations, and the categori-
cal variables are reported numerically and as 
percentages. Multi-group comparisons of the 
GC, stability and cell viability of Gd-MSNs were 
conducted by a one-way analysis of variance 
(ANOVA), and post hoc comparisons of GCs 
were performed by the Students-Newman-

Figure 3. GC of Gd-MSN dialysates at each time point 
as detected by ICP-AES.

Figure 4. Cell viability of PC-3 and HUVEC cell lines 
incubated with different concentrations of Gd-MSNs.
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Figure 5. MRI images and T1 and T2 SIrs of Gd-MSNs synthesized with 1-3 
mL of GA and MSNs.

Figure 6. MR images of Gd-MSNs (group C) at different concentrations and 
their SIr values.

Keuls test. Post hoc comparisons of stability 
and cell viability were conducted using the 
Bonferroni test. Statistical significance was 
defined as P < 0.05.

Results 

Characterization of Gd-MSNs

Gd-MSNs and MSNs were successfully synthe-
sized with the reverse microemulsion method. 
All types of NPs were obtained as white pow-
ders. TEM images of Gd-MSNs showed mono-

Cell viability test 

The cell viability of PC-3 and HUVECs incubated 
with Gd-MSNs for 24 h at different concentra-
tions (25, 50, 100, 200 and 400 μg/mL) are 
compared in Figure 4. One-way ANOVA of PC-3 
and HUVECs showed a significant difference 
(Fpc3 = 6.742, Ppc3 = 0.000; FHUVEC = 7.557, PHUVEC 
= 0.000). The Bonferroni test was performed 
for inter-group comparisons. Significant differ-
ences were not found between the 25, 50, and 
100 μg/mL and control groups (P > 0.05). Thus, 

dispersed, spherically shaped 
NPs, and a rounded mesopo-
rous structure with many bla- 
ck spots corresponding to the 
doped GA and a few black 
spots adhered to the surface 
of the NPs (Figure 2A). Black 
spots could not be found on 
the mesoporous structure of 
the MSNs (Figure 2B). The 
characteristics of the NPs are 
summarized in Table 1. One-
way ANOVA of the diameters 
among the groups of NPs sh- 
owed no significant differenc-
es (F = 1.192, P = 0.310). Th- 
ere were significant GC differ-
ences among the groups of 
Gd-MSNs (F = 7476.673, P = 
0.000). The Students-Newm- 
an-Keuls test was used for 
inter-group comparisons, and 
significant differences were 
found between any two groups 
(P < 0.05). The maximum GC 
was 60.53 ± 0.53 μg/mL wh- 
en 2 mL of GA solution was 
added (group C). 

The GCs in the dialysate were 
detected by ICP-AES and are 
presented in Figure 3. One-
way ANOVA of the GCs of Gd- 
MSNs showed no significant 
differences at the 5 time poi- 
nts analyzed between 12 h 
and 96 h (F = 2.059, P =  
0.162), indicating that the 
chemical construction of the 
Gd-MSNs was very stable in  
a simulated in vitro environ- 
ment. 
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cell viability was not affected in this concentra-
tion range. Significant differences were found 
between the 200 μg/mL and control groups 
(Ppc3 = 0.011, PHUVEC = 0.005), the 400 μg/mL 
and control groups (Ppc3 = 0.001, PHUVEC =  
0.000), and the 400 μg/mL and 25 μg/mL 
groups (Ppc3 = 0.007, PHUVEC = 0.008), indicating 
that cell viability decreased at the 200 μg/mL 
and 400 μg/mL concentrations. 

In vitro MRI of Gd-MSNs 

The MR images and their SIr values of T1- and 
T2-weighted MR images of Gd-MSNs (groups B, 
C and D) and MSNs are presented in Figure 5. 
Compared with water, all NPs were enhanced 
on the T1-weighted images and decreased on 
the T2-weighted images. In particular, signifi-
cant T1-weighted enhancement and T2-weighted 
signal loss were clearly observed in the three 
groups of Gd-MSNs compared to the MSNs (FT1 

pre-contrast and then at 5, 15, 25, and 35 min 
after injecting Gd-MSNs at a dose of 20 mg/kg 
via the tail vein. The liver, aorta, hepatic vein, 
and inferior vena cava were significantly 
enhanced on T1WI, and T1-weighted enhance-
ment was clearly observed in the renal cortex 
and renal pelvis. Significant T2-weighted signal 
loss was clearly observed in the liver and renal 
cortex (Figure 8). 

T1-weighted MR images of the kidneys obtained 
pre-contrast and 5, 15, 25 and 35 min after the 
injection of Gd-MSNs at a dose of 20 mg/kg  
via the tail vein are shown in Figure 9. The SI 
values of the renal cortex, renal pelvis, and the 
psoas major muscle were measured, and the 
SIr values of the renal cortex, renal pelvis and 
psoas major muscle are shown in Figure 9. Five 
minutes after Gd-MSN injection, the renal 
parenchymal signal was significantly increased, 
and the signal from the renal cortex was signifi-

Figure 7. T1-weighted (left) and T2-weighted (right) MR images of RAW264.7 
cells incubated with Gd-MSNs and their SIr values.

= 1745.535, PT1 = 0.000; FT2 = 
2687411.123, PT2 = 0.000). 
The maximum and minimum 
SIr of Gd-MSNs on the T1- and 
T2-weighted images were 4.35 
± 0.07 and 0.01 ± 0.00, 
respectively, in group C. 

The MR images and their SIr 
values of T1- and T2-weighted 
MR images of Gd-MSNs at dif-
ferent concentrations are pro-
vided in Figure 6. The signals 
increased on the T1-weighted 
images and decreased on the 
T2-weighted images as the 
concentrations increased.

In vitro MRI of RAW264.7 
cells 

T1- and T2-weighted MR imag-
es of RAW264.7 cells incubat-
ed with 0.2 and 0.6 mg/mL 
Gd-MSNs for 2 h are shown in 
Figure 7. Significant T1-weight- 
ed enhancement and T2-wei- 
ghted signal loss were clearly 
observed in the two groups of 
cells containing Gd-MSNs co- 
mpared with the control group. 

In vivo MRI

T1- and T2-weighted MR imag-
es were successfully obtained 
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cantly higher than that of the renal pelvis. 
Subsequently, in scans at 15, 25, and 35 min, 
the renal cortical signal decreased gradually, 
whereas the renal pelvis signal increased grad-
ually. At 25 min after Gd-MSN injection, the 
renal pelvis signal was significantly higher than 
in the renal cortex.

Discussion 

Gd-MSNs and MSNs were successfully synthe-
sized in this study. TEM images revealed a 
clearly visible pore structure with a large num-
ber of doped GA molecules on the Gd-MSNs 
prepared in this study. The results of ICP-AES 

was 60.53 ± 0.53 μg/mL when 2 mL of GA 
solution was added. In contrast, when more 
than 2 mL of GA was added, the GCs gradually 
decreased. In the in vitro experiment, the 
Gd-MSNs exhibited good stability in a simulat-
ed in vitro environment. In the cell viability test, 
the Gd-MSNs exerted no obvious toxicity in the 
cells over a certain concentration range, indi-
cating that the Gd-MSNs are a very effective, 
safe and stable MR contrast agent.

The in vitro MR images showed that the 
Gd-MSNs could increase the SIr on T1WI and 
decrease the SIr on T2WI better than MSNs. 
The NP properties that shorten the relaxation 

Figure 8. Rat MRI results. The white arrows in (A) (T1 pre-contrast) and (A1) (T1 post-contrast) indicate the hepatic 
vein; the black arrow indicates the inferior vena cava; and the red arrow indicates the aorta. The white arrows in 
(B) (T2 pre-contrast) and (B1) (T2 post-contrast) indicate the liver parenchyma. The white and black arrows in (C) (T1 
pre-contrast) and (C1) (T1 post-contrast) indicate the renal cortex and renal pelvis, respectively. The white arrows in 
(D) (T2 pre-contrast) and (D1) (T2 post-contrast) indicate the renal cortex.

Figure 9. T1-weighted rat kidney MR images and the SIr values of the kidney 
at different time points.

showed that the GCs of the 
Gd-MSNs were obviously high-
er than those of the Gd che-
late-doped MSNs reported in 
the literature [20, 24, 30]. GA 
has a lower molecular weight 
than Gd chelates because GA 
does not contain a meglumine 
group. Thus, GA is more easily 
doped into the nanopores of 
MSNs, which can greatly incr- 
ease both the carrying capac-
ity of Gd and the capability of 
Gd-MSNs to exhibit shortened 
relaxation times. The ICP-AES 
results also showed that the 
GCs of Gd-MSNs increased as 
the amount of GA solution 
increased; the maximum GC 
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time are mainly the result of the Gd3+ ions 
doped into the mesoporous particles, which 
results in para-magnetism [42]. As the GC 
increased, the paramagnetic properties impr- 
oved; the ability of the NPs to shorten the relax-
ation time increased; the SIr on T1WI increased; 
and the SIr on T2WI decreased. RAW264.7 cell 
phantom MR images showed that the relax-
ation time of the cells incubated with Gd-MSNs 
was significantly shortened, and the signal was 
enhanced on T1WI and decreased on T2WI rela-
tive to the cells without Gd-MSNs. Additionally, 
as the concentration of Gd-MSNs increased, 
the enhancement effect became more obvious. 
These integrated T1- and T2-weighted MR mo- 
dalities could potentially offer more complete 
and accurate information about lesions by over-
coming the shortcomings of each single MR 
mode.

Based on the above results, we speculate that 
the GC of Gd-MSNs may be affected by the fol-
lowing two factors. The first factor is the GA 
content in the microemulsion system. Within a 
certain range, the GA doped into the meso-
pores of Gd-MSNs increased until the meso-
pores were all occupied by GA. Subsequently, 
the GC of the Gd-MSNs did not continue to 
increase, even if additional GA was added. At 
this point, the GCs of the NPs depended mainly 
on the amount of GA in the microemulsion sys-
tem. Thus, the GCs in groups A-C gradually 
increased until saturation was reached after 
the addition of 2 mL of GA solution. Beyond this 
point, the GCs did not increase further. The sec-
ond factor was the water content in the micro-
emulsion system. Previous research has reve- 
aled that the water content in the microemul-
sion system exerts an important impact on the 
particle size of the MSNs [43, 44]. The TEOS 
cannot be completely hydrolyzed if the water 
content is too low. In contrast, when the water 
content is too high, the water generated during 
the condensation process will negatively im- 
pact the concentration of the hydrolysis prod-
uct. Therefore, when too little or too much 
water was present, the MSNs had small parti-
cle sizes. Using the correct amount of water 
ensures both the complete hydrolysis of TEOS 
and high concentrations of hydrolysate, result-
ing in MSNs with large particle sizes, homoge-
neous compositions and good dispersions. In 
our experiment, after GA saturation, the GCs of 
the Gd-MSNs mainly depended on the diame-
ters of the NPs themselves. As the amount of 

GA solution increased, the amount of water in 
the reaction system also increased. Thus, the 
particle size of the resulting Gd-MSNs decre- 
ased gradually, and the GCs of the individual 
NPs also decreased. Therefore, the GCs of the 
Gd-MSNs in groups D-F decreased as the GA 
solution added increased.

In vivo MR images showed that the SI values of 
the aorta, hepatic vein and inferior vena cava 
were significantly enhanced on T1WI. Moreover, 
the liver parenchyma, renal cortex and renal 
pelvis were increased on T1WI and decreased 
on T2WI after the injection of a low concentra-
tion of Gd-MSNs in SD rats, which confirmed 
the presence of good relaxation properties in 
vivo. Regarding the enhanced MRI results of 
the kidneys on T1WI, the renal pelvis and cortex 
showed significant enhancement compared 
with the pre-contrast image. Five min after 
Gd-MSN injection, the renal cortex and medul-
lary regions were clearly demarcated, and the 
renal cortical signal was the highest. Thus, at 5 
min post-injection, the Gd-MSNs had reached 
the renal parenchyma. Subsequently, the signal 
in the renal cortex remained constant as the 
excretion of Gd-MSN plateaued. After 15 min, 
the renal cortical signal gradually decreased, 
possibly because of the gradual excretion of 
Gd-MSNs to the renal pelvis. The signal in the 
renal pelvis continuously increased because of 
the continuous excretion of Gd-MSNs by the 
kidneys. As a result, the concentration in the 
renal pelvis increased. The preliminary animal 
experiments revealed that, in vivo, a relatively 
low concentration of Gd-MSNs could signifi-
cantly shorten the relaxation time of tissue on 
T1WI and T2WI and thereby achieve enhance-
ment. Gd-MSNs are mainly metabolized by the 
liver and are gradually excreted by the kidneys 
after being injected into the blood circulation. 
Gd-MSNs have a longer blood circulation time, 
which is highly advantageous for the further 
preparation of targeted nano-contrast agents. 
Small doses of these NPs can achieve enhanc-
ing effect, and the small particle size increases 
the cycle time in the blood circulation, which 
greatly reduces the required dose of contrast 
agent and the incidental side effects [45].

This study had some limitations. The Malvern 
Zetasizer test results indicated that the NP par-
ticle size was right-skewed, and a small number 
of large NPs existed (indicating minimal aggre-
gation of NPs). We will further improve the syn-
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thesis method to make the dispersity of the 
Gd-MSNs better. The use of GA in this study led 
to higher GCs. We will optimize the solution in 
future applications. Animal experiments are 
preliminary, and the in vivo metabolism and tox-
icity of Gd-MSNs were not studied in this work. 
These issues will be studied in future projects.

Through in vitro and in vivo studies, we have 
confirmed that Gd-MSNs make an excellent  
MR nano-contrast agent. Gd-MSNs are easy to 
modify and have the potential to connect vari-
ous functional groups. Gd-MSNs can be used 
for molecular targeted imaging by connecting 
with targeted groups and can facilitate multi-
modal imaging when combined with microbub-
ble or fluorescent imaging agents. Targeted 
Gd-MSNs can carry a variety of chemotherapy 
drugs to achieve targeted tumor therapy, the 
mesoporous channels of Gd-MSNs can also be 
modified to facilitate controlled drug-specific 
release in an organized manner. These topics 
are the focus of our future experiments. 

Conclusions

In this study, we designed and characterized 
novel Gd-MSNs with high GCs and extraordi-
nary abilities to enhance MR images. These 
NPs were stable and safe under normal physi-
ological conditions. Their utility as a contrast 
agent for MRI was clearly demonstrated both in 
vitro and in vivo. Gd-MSNs have great potential 
for targeted applications and are expected to 
become a novel, multifunctional and highly effi-
cient MRI contrast agent because of their easy 
modification.
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