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Homing of SPIO-MSCs to liver metastasis in nude mice
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Abstract: Objective: This study aims to investigate the feasibility of delivering SPIO (full name?) to tumor metastases 
through homing of mesenchymal stem cells (MSCs). Methods: The effect on MSCs activity by various concentrations 
of SPIO and the acquired ion level at each concentration were detected by ??. The in vitro migration ability of SPIO 
labeled MSCs (SPIO-MSCs) toward C6 glioma was detected by Transwell assay. PBS control, SPIO and SPIO-MSCs 
were respectively injected into the tail vein of nude mice glioma xenograft models with hepatic metastases. On the 
9th day after injection, liver tumors were scanned by 7.0T MR, and the corresponding T2WI, T2 signal strength and 
T2* values were detected. The pathological samples were sectioned and stained by Prussian blue to detect labeled 
MSCs. Results: Labeled with 160 µg/ml SPIO did not affect MSCs cellular activity. Transwell experiment demon-
strated that SPIO-MSCs kept the migration ability toward C6 glioma. The MR T2WI signal of tumor nodules of SPIO-
MSCs injected group was significantly decreased compared with the other two groups. And the T2 signal strength 
and T2* value of SPIO-MSCs injected group were both reduced compared to the other two groups. SPIO-MSCs were 
detected in the tumor region in SPIO-MSCs injected group by Prussian blue staining. Conclusion: MSCs are able to 
deliver SPIO to hepatic tumor metastases by homing.
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Introduction

SPIO is a super paramagnetic substance, main-
ly composed of Fe4O3 and γ-Fe2O3, which is sim-
ply prepared by co-precipitation, hydrothermal 
reactions, sol-gel process, etc. The prepared 
SPIO can decrease the MR T2 relaxation time, 
lead to a low T2WI signal of the surrounding tis-
sues and decrease T2 relaxation time, making 
SPIO a good contrast agent for MR in clinical 
studies. Studies have demonstrated that using 
SPIO to label cells will not affect cell activity or 
differentiation, thus SPIO labeling can be used 
for in vivo tracking. MR imaging of stem cells 
after SPIO labeling is emerging as a specific tar-
get cell detection technique, which can observe 
the in vivo distribution and survival of stem 
cells after transplantation in a real-time fash-
ion, playing an important role in the evaluation 
of stem cell transplantation effect and the opti-
mization of stem cell transplantation treatment 
protocol [1]. The safety and high efficiency of 
using SPIO for stem cells labeling are critical for 
studies of MR in vivo tracking. At present, the 

commonly used methods are transfection 
agent method and SPIO-SiO2-FITC, which 
enters the cells by phagocytosis. In addition, 
SPIO is able to produce heat under alternating 
magnetic field, exhibiting great potential in kill-
ing tumor cells by magnetic hyperthermia.

Mesenchymal stem cells (MSCs) are pluripotent 
stromal cells that do not belong to hematopoi-
etic tissues. Due to the advantages such as 
easy isolation and culture, multipotency, para-
crine effects and immunomodulatory effects, 
MSCs have been considered as the most prom-
ising stem cells for the treatment of a variety of 
disease. MSCs homing, similar to lymphocytes 
homing, refers to the process during which the 
endogenous or exogenous MSCs migrate direc-
tionally towards and engraft into the target tis-
sue under the influences of various factors 
[2-4]. A number of studies about MSCs homing 
have shown that the detection rate of implant-
ed MSCs in the target tissues is very low, which 
affects target tissue repair by MSCs [5, 6]. This 
may be related to MSCs survival in target tis-
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sues. Another important factor is the low ratio 
of injected MSCs penetrating the blood vessels 
and selectively reaching the target tissues and 
engrafting [7]. Therefore, MSCs homing has 
become the key step in MSCs treatment and 
been widely concerned. It has been demon-
strated that a variety of tumor cells can cause 
the directional migration of MSCs [8-10]. 
Directional migration of MSCs towards tumor 
cells, namely MSCs homing, is similar to the 
mechanism of leukocyte directional migration 
towards inflammatory tissues (including the 
participating molecules such as chemokines 
and receptors, as well as adhesion molecules) 
[11-13]. In most previous studies of MSCs hom-
ing, in situ tumors were established by local 
injections, thus there was interference from tis-
sue injury at the tumor site [14, 15]. 

The nude mice xenograft model with liver 
hematogenous metastases established in this 
study avoided the interference from tissue inju-
ry at the tumor site, which was proved to be 
more consistent with the actual physiological 
condition of tumor metastases. We also used 
SPIO to label MSCs, and SPIO was successfully 
delivered by MSCs homing to liver hematoge-
nous metastases, ultimately leading to the MR 
signal change of tumor. This study may provide 
reference for the early discovery of tumor 
metastasis and also provide a basis for further 
studies about magnetic hyperthermia treat-
ment of tumor metastasis. 

Material and methods

SPIO labeling MSCs and iron quantification

Nude mice were acquired from the animal  
center at Chongqing College of Medicine and 
approved by Animal Ethics Committees, which 
were anesthetized. The femur and tibia bones 
were isolated under sterile conditions. MSCs 
were obtained after marrow cavity wash. The 
MSCs were cultured at 37°C with 5% CO2, and 
regular media change and passage were con-
ducted. From the 3rd generation, MSCs were 
collected and used for experiments. 

Different concentrations of SPIO (20 µg/ml, 40 
µg/ml, 80 µg/ml, 120 µg/ml and 160 µg/ml) 
were prepared by mixing DMEM/F12 (Gibco, 
USA), liposomes (LipoFiterTM Hanheng Bio, 
Shanghai) and SPIO (Wande Hitech, Beijing) fol-
lowing different ratios. The DMEM/F12 contain-

ing SPIO was added to MSCs. Cells were co-
cultured for 6 h and washed with PBS until PBS 
solution turned clear. Cells were digested by 
pancreatic enzymes and counted using auto-
mated cell counter (Count Star, Shanghai 
China). Cells were centrifuged and incubated in 
1 M HCl overnight. After dilution, the iron level 
in each cell at different SPIO concentration was 
detected on atomic absorption spectroscopy. 

Detection of the effect of different concentra-
tions of SPIO on cell activity using CCK-8

MSCs were seeded in a 96-well plate, with 
4000 cells per well (6 replicate wells for each 
group). Cells were cultured at 37°C, with 5% 
CO2 in an incubator for 24 h. MSCs were trans-
fected with various concentrations of SPIO fol-
lowing the method aforementioned. 6 h later, 
cells were taken out of the incubator for media 
change. MSCs were washed with PBS twice, 
and added with DMEM/F12 100 µl/well and 
CKK-8 solution (Dojindo, Japan) 10 µl/well. 2 h 
later, OD value was detected at 450 nm by 
spectrophotometer.

Prussian blue staining of SPIO-MSCs and TEM 
detection

SPIO labeled MSCs were treated with parafor-
maldehyde and 0.5% Triton X-100c. Prussian 
blue was added for staining for 5 min. Cells 
were observed under the inverted microscope 
and 10 regions were randomly selected for  
cell counting. The staining ratio of MCSs was 
calculated. 

SPIO-MSCs were digested by pancreatic en- 
zymes and centrifuged at 1200 rpm for 10 min. 
The supernatant was discarded. Cells were 
fixed using glutaraldehyde. After dehydration, 
embedment, trimming and sectioning, cells 
were observed under a transmission electron 
microscope (H-7500, Hitachi, Japan).

Transwell invasion assays

200 µl (10^5 cells) media containing MCSs and 
SPIO-MCSs (SPIO transfection concentration 
160 µg/ml) were plated in the 8 µm upper well 
of Transwell plate (Corning), respectively. 2 ml 
of DMEM/F12 and DMEM/F12 containing C6 
(10^6 cells) were added in the bottom well. 24 
h later, the MSCs in the upper well which failed 
to pass the pore were wiped off carefully by 
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sterile cotton stick. After crystal violet staining, 
cells were observed using inverted microscope 
and 10 viewing regions were selected randomly 
for cell counting.

Construction of liver hematogenous metas-
tases of glioma model and injection of SPIO-
MSCs

C6 glioma cells were thawed, cultured and pas-
saged following the regular methods. Cells at 
logarithmic phase were collected, digested by 
pancreatic enzymes, centrifuged and counted. 
Cell concentration was adjusted to 1×107/ml by 
PBS. 9 male mice were selected and the hepat-
ic portal vein was exposed by surgery. 0.1 ml 
cell suspension was injected into the nude 
mice hepatic portal vein. Hemostasis was done 
by finger pressing and the incision was sewn 
up. Nude mice were placed back to the cages 
and raised after surgery. The 9 nude mice were 
divided randomly into 3 groups. SPIO at a con-

centration of 160 µg/ml was used to label 
MSCs. On the 7th day after modeling, unlabeled 
MSCs (10^6 cells), SPIO-MSCs (10^6 cells) and 
SPIO (50 µg) were injected into nude mouse tail 
vein, respectively.

7.0T MR scanning of liver tissue of nude 
mouse xenograft

MSCs, SPIO-MSCs and SPIO were injected into 
the tail vein of the nude mouse xenograft, 
respectively. On the 9th day after injection, 
nude mice were anesthetized by ether and 
placed within 7.0T BioSpec70/20USR coil. 

The parameters are listed as follows:

T2WI sequence: TR = 2000 ms; TE = 30 ms; 
ECHO SPACING = 15 ms; Repetitions = 1; field 
of view = 40*40; Image size = 256*256; T2*WI 
sequence: TR = 1000 ms; TE = 4.5 ms; Flip 
angle = 50°, echo images = 8; Repetitions =1; 
field of view = 40*40; Image size = 256*256.

Tumor metastasis nodules and normal liver tis-
sues were randomly selected from the MRI 
images of liver scanning of the 9 nude mouse 
models (9 metastasis nodules and 9 normal 
liver tissues were selected from each nude 
mouse). T2 signal strength and T2* value were 
calculated using ParaVision 6.0 software. 

Prussian blue staining of liver of nude mouse 
xenograft

After MR scanning, liver tissues of nude mice 
were fixed by 4% paraformaldehyde, dehydrat-
ed, embedded in paraffin, cut into 4 µm sec-
tions, dewaxed, and re-hydrated. Prussian blue 
was dropped onto tissue slides for 15 min 
staining. Prussian blue was washed off and 
hematoxylin was added for 5 min staining. 
Tissue was mounted using neutral gum and 
observed under inverted microscope.

Results

Iron level detection in SPIO-MSCs 

MSCs were labeled with SPIO in a gradient con-
centration of 20 µg/ml, 40 µg/ml, 80 µg/ml, 
120 µg/ml and 160 µg/ml by liposome medi-
ated method. 6 h after co-culture, the acquired 
iron level under each condition was detected 
using atomic absorption spectrometer. Results 
are shown in Figure 1. 

Figure 1. Iron Level of SPIO-MSCs under different 
SPIO transfection concentration.

Figure 2. Cell activity detection of SPIO-MSCs. 
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The results showed that the iron level in SPIO-
MSCs increased with increased concentration 
of SPIO added in the co-culture media, with a 
positive correlation. At an SPIO concentration 
of 160 µg/ml, the iron level in SPIO-MSCs was 
23.73±3.59 pg/cell. 

Effect on cell activities by different concentra-
tions of SPIO

The influence of SPIO at various concentrations 
on MSCs cell activity was detected through the 

OD450 nm value of each well after SPIO trans-
fection using CCK-8 by microplate reader. The 
results are shown in Figure 2. 

The OD value under each SPIO concentration 
was analyzed by one-way ANOVA. The differ-
ence between each SPIO labeling concentra-
tion was statistically insignificant (P > 0.05). 
Thus, SPIO was not considered to affect cell 
activity at a high concentration. 

Prussian blue staining of SPIO-MSCs and TEM 
detection results

After Prussian blue staining, SPIO labeled 
MSCs were observed under inverted micro-
scope. 10 viewing regions were randomly 
selected for cell counting and SPIO labeling 
ratio calculation. Detailed results are shown in 
Figure 3. 

The results of each viewing field under inverted 
microscope showed that, all SPIO-MSCs were 
stained into blue color after Prussian blue treat-
ment. Blue particles were observed around the 
central large round nucleus at high density in 
the cytoplasm, while not seen in the nucleus. 
After cell counting, the cell transfection ratio 
was 100%, indicating a high successful trans-
fection ratio by using this method to transfect 
MSCs. 

The labeled SPIO-MSCs were digested by pan-
creatic enzymes, centrifuged, fixed, dehydrat-
ed, embedded, trimmed, sectioned and ob- 
served under TEM. Results are shown in Figure 
4. 

Results of TEM showed that there were like-
round phagosomes in the cytoplasm of SPIO-
MSCs, with a diameter of 200 nm. Small dense 
particles were distributed in the phagosomes. 
SPIO particles not engulfed by MSCs were also 
observed. The results showed that MSCs were 
successfully labeled by SPIO in this approach. 

Results of transwell experiment

In the Transwell assay, cells were stained by 
crystal violet and observed under inverted 
microscope. 10 viewing fields were selected 
randomly for MSCs and SPIO-MSCs counting. 
Results are shown in Table 1. 

As shown by the MSCs and SPIO-MSCs cell 
counting results in the Transwell assay, SPIO-

Figure 3. SPIO-MSCs Prussian blue staining.

Figure 4. TEM of SPIO-MSCs (×80000).

Table 1. Cell counts of MSCs and SPIO-MSCs 
in transwell assay

MSCs SPIO-MSCs
C6 63 61
0 23 19
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MSCs successfully invaded and migrated 
through homing activity.

Results of 7.0T MR scanning 

MSCs, SPIO-MSCs and SPIO were injected into 
the tail vein of the nude mouse xenograft, 
respectively. On the 9th day after injection, 
nude mice were anesthetized by ether and 
placed within 7.0T BioSpec70/20USR coil. 
Liver tissues of the 9 nude mouse models were 
scanned and MRI images were obtained. Tumor 
metastasis nodules and normal liver tissues 
were randomly selected. T2 signal strength and 
T2* value were calculated using ParaVision 6.0 
software. The results are shown in Figure 5. 

The 7.0T MR scanning of experimental nude 
mouse liver tissues revealed that the control 

metastasis signal was high, while metastasis 
signal of SPIO-MSCs group was low. In tumor 
metastatic nodules, T2 signal of MSCs was 
higher than that of SPIO-MSCs. In normal liver 
tissues, the T2 signals in the two groups were 
comparable. The SPIO-MSCs injected in the tail 
vein of the nude mouse model successfully 
homed and migrated to the liver metastatic 
nodules, and exerted its therapeutic effect.

Results of Prussian blue staining of liver tissue 
of nude mouse xenograft

After MR scanning, the liver tissues of experi-
mental nude mice were fixed, dehydrated, 
embedded, sectioned, de-waxed, rehydrated 
and stained by Prussian blue. Tissues were 
observed under inverted microscope and re- 
sults are shown in Figure 6.

Figure 5. 7.0T MR scanning of 
nude mouse model liver tissue.
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The results of Prussian blue staining of the liver 
tissue from the nude mouse model showed 
that in control group, stained cells were not 
observed in either tumor site or normal liver tis-
sue. In SPIO injection group, blue stained cells 

were evenly distributed in normal liver tissues, 
which presumably might be the macrophages 
engulfing SPIO (kuffer cells). However, the blue 
stained cells were not observed at tumor site, 
and it was possibly because the tumor region 

Figure 6. Prussian blue staining of liver tissue of nude mouse model. A. Control Group; B. SPIO Injection Group; C. 
SPIO-MSCs Injection Group.
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formed by C6 glioma cells didn’t contain macro-
phages (kuffer cells), which was not able to 
engulf exogenous SPIO to exhibit blue color. 
The blue stained cells observed in the tumor 
sites in SPIO-MSCs injection group were the 
SPIO-MSCs labeled in vitro, while blue stained 
SPIO-MSCs were not observed in normal liver 
tissues. The injected SPIO-MSCs were able to 
directionally home to the tumor region in liver 
tissues of the nude mouse xenograft.

Discussion

The MR tracking and stem cell labeling by SPIO 
enable non-invasive monitoring of biological 
activity of in vivo transplantation of stem cells. 
However, this new approach still faces many 
problems, such as cytoplasmic iron dilution by 
cell division, engulfment of dead labeled cells 
by macrophages, or metabolism and elimina-
tion of iron in undivided cells. It needs further 
investigation on whether these conditions will 
cause non-specific signal reduction in the MR 
image and interfere with the specificity of sur-
vived labeled cells [16, 17]. Cao et al. [18]  
demonstrated the feasibility of tracking rabbit 
disc degeneration using SPIO labeled rabbit 
MSCs, and found that SPIO was able to effec-
tively track MSCs transplanted into the discs. 
Histology study confirmed that extracellular 
matrix of nucleus pulposus cells was increased 
and disc degeneration was slowed down after 
transplantation. Li et al. [19] demonstrated the 
feasibility of in vivo MR tracking by using SPIO 
labeled endothelial progenitor cells. 

In this study, hematogenous metastasis model 
was established in nude mouse liver. Labeled 
by SPIO, MSCs delivered SPIO by homing to  
the liver hematogenous tumor metastases and 
ultimately reduced the MR signal strength of 
tumor sites, thus exerting a therapeutic effect. 
Transwell invasion assay is an experiment 
applying Transwell technique in tumor cell inva-
sion study, but is not equal to invasion assay. 
There are various models and approaches in 
tumor cell invasion assays. Future studies may 
explore other methods to further confirm SPIO-
MSCs homing to tumor metastases. A number 
of studies have shown that the homing action 
of stem cells towards injuries or ischemic tis-
sues, as well as a series of molecules involved 
in this process, is very similar to the mecha-
nism of leukocytes homing towards inflamma-
tory tissues [20]. Although the mechanism of 

leukocytes homing to inflammatory tissue is 
clear, the specific mechanisms of stem cells 
homing to the injury or ischemic tissues remain 
unclear. The efficacy of MSCs methods can only 
be guaranteed by reaching a certain homing 
ratio. The low homing efficiency of MSCs is 
closely related with the unclear mechanism. At 
present many measures have been shown to 
promote MSCs homing. In-depth genetic and 
molecular study of these measures might be 
helpful in understanding MSCs homing mecha-
nism to improve MSCs therapeutic spectrum 
and efficacy of MSCs. A few steps may effec-
tively enhance the homing effect of MSCs 
toward target tissues. A good culture condition 
can help to maintain and even enhance the 
activity of MSCs. Stolzing et al. [21] discovered 
that culturing MSCs in low oxygen significantly 
reduced the accumulation of intracellular oxi-
dative damage. Sotiropoulou et al. [22] found 
that low sugar DMEM, Gluramax and low den-
sity media might be more helpful for applying 
MSCs in cell therapy. MSCs adhesion prior to 
transplantation was found to facilitate MSCs 
survival after transplantation and homing to 
target tissues. The results of this study can pro-
vide reference for the early discovery of tumor 
metastasis and also provide a basis for future 
studies of magnetic hyperthermia treatment of 
tumor metastasis.
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