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Abstract
Objective To investigate the feasibility of highly efficient
and controllable stem cell labelling for cellular MRI.
Methods A new class of cationic, superparamagnetic iron
oxide nanoparticle (SPION)-loaded nanovesicles was syn-
thesised to label rat bone marrow mesenchymal stem cells
without secondary transfection agents. The optimal labelling
conditions and controllability were assessed, and the effect
of labelling on cell viability, proliferation activity and multi-
lineage differentiation was determined. In 18 rats, focal
ischaemic cerebral injury was induced and the rats randomly
injected with 1×106 cells labelled with 0-, 8- or 20-mV
nanovesicles (n06 each). In vivo MRI was performed to
follow grafted cells in contralateral striata, and results were
correlated with histology.
Results Optimal cell labelling conditions involved a con-
centration of 3.15 μg Fe/mL nanovesicles with 20-mV
positive charge and 1-h incubation time. Labelling efficiency
showed linear change with an increase in the electric poten-
tials of nanovesicles. Labelling did not affect cell viability,
proliferation activity or multilineage differentiation capacity.
The distribution and migration of labelled cells could be
detected by MRI. Histology confirmed that grafted cells
retained the label and remained viable.

Conclusion Stem cells can be effectively and safely labelled
with cationic, SPION-loaded nanovesicles in a controllable
way for cellular MRI.
Key Points
• Stem cells can be effectively labelled with cationic,
SPION-loaded nanovesicles.

• Labelling did not affect cell viability, proliferation or
differentiation.

• Cellular uptake of SPION could be controlled using cat-
ionic nanovesicles.

• Labelled cells could migrate along the corpus callosum
towards cerebral infarction.

• The grafted, labelled cells retained the label and remained
viable.

Keywords Mesenchymal stem cells . Magnetic resonance
imaging . Superparamagnetic iron oxide . Cationic .

Nanovesicles . Stem cell transplantation . Ischaemic
cerebrovascular disease

Introduction

Stem cell therapy has brought revolutionary changes to regen-
erative medicine and cancer treatment [1] and has achieved
gratifying results in various tissue, ischaemic, degenerative,
and even immune and genetic diseases [2]. In vivo tracking of
stem cells is very important for better understanding of their
migrational dynamics, differentiation processes and regenera-
tion potential [3, 4]. Cellular MRI upon cell labelling was a
well-suited tool for monitoring the extent of transplanted cell
survival and trafficking [5]. For cell labelling, superparamag-
netic iron oxide nanoparticles (SPION) became the preferred
contrast agents in terms of biocompatibility and higher sensi-
tivity [6], whereas the non-modified form of SPION could not
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efficiently label stem cells [7, 8]. Various commercial trans-
fection agents (TA) are usually needed to transfer SPION into
cells [8]. Less frequently, chemical polymers or microbubble-
enhanced ultrasound exposure has been used for non-specific
intracellular magnetic labelling [9–11].

However, using TA for cell labelling has saturation effects,
and high concentrations of TA are harmful to cells [8, 12]. Some
TA can damage the cell membrane a few hours after transfec-
tion, and the labelling efficiency is not controllable [13]. The
control of the amount of contrast agents transferred to cells is
usually poorly determined. It is rather difficult to assess precise-
ly the amount of contrast agents incorporated by a single cell
[14]. Therefore, a highly efficient and controllable cell-labelling
method that facilitates direct delivery of SPION into cells
without use of a secondary TAwould be highly desirable.

Polymeric nanoparticles have been extensively used in the
transfer of genes and drugs, showing high transmission effi-
ciency, less toxicity and active targeting effects [15, 16]. In
this study, we synthesised novel cationic, polymeric nano-
vesicles with a unique hollow structure where SPION were
loaded, and with positive charges on the surface to allow the
quantity of charges to be adjusted for labelling bone marrow
mesenchymal stem cells (MSC). Cellular MRI was performed
to determine the feasibility of this efficient, controllable cell
labelling through use of cationic SPION-loaded nanovesicles.

Materials and methods

Animals

The animals were obtained from theAnimal Experiment Center
of our university. All animals were housed in a standard animal
facility and allowed standard food and water ad libitum. All
procedures adhered to the guidelines for the care and use of
laboratory animals and the ethics review process of our institu-
tion and were approved by the Institutional Animal Care Com-
mittee. Four adolescent Sprague-Dawley (SD) rats (aged 4–
6 weeks) weighing 60–80 g were used as the donors of bone
marrow MSC. Eighteen adult male SD rats weighing 250–
280 g were used to establish focal ischaemic cerebral injury.

Cell preparation

Mesenchymal stem cells were isolated and expanded from the
bone marrow of adolescent animals as described previously
[17]. Cells were grown in a standard culture medium consist-
ing of Dulbecco’s Modified Eagle Medium (DMEM, GiBco,
NY, USA) supplemented with penicillin, streptomycin and
glutamine (Sigma, St. Louis,MO, USA) and 10% fetal bovine
serum (FBS, GiBco, NY, USA) at 37°C and 5% CO2, and
were routinely passaged with a ratio of 1:2 to 1:3. MSC of
three to five passages were used in the following experiments.

Synthesis and characterisation of copolymers

First, stearic acid–grafted polyethyleneimine copolymers (PEI-
SA) were synthesised. Briefly, linear polyethyleneimine (lPEI,
423 Da, Sigma-Aldrich; 400 mg, 1 eq) and stearic acid (SA,
Sigma-Aldrich; 800 mg, 3 eq) were transferred into the reaction
flask and dried under vacuum at 70°C for 8 h. Chloroform
(15 mL), dicyclohexylcarbodiimide (Sigma-Aldrich; 780 mg,
4 eq) and 4-dimethylaminopyridine (Sigma-Aldrich; 115 mg,
1 eq) were added under Ar protection. The mixture was stirred
at room temperature for 24 h. The precipitated 1,3-dicyclohex-
ylurea was removed by filtration, and the filtrate was added into
excessive cold diethyl ether (Guangzhou Chemical Industry,
China). Then stearic acid–grafted polyethyleneimine copoly-
mers (PEI-SA) were collected by filtration and dried under
vacuum at room temperature. Second, poly(ethylene glycol)-
poly(L-glutamic acid) (PEG-PGA) was synthesised as de-
scribed previously [18]. Briefly, poly(ethylene glycol)-poly
(γ-benzyl-L-glutamate) (PEG-PBLG) (Mn09.3 kDa) was
synthesised by ring-opening polymerisation of β-benzyl-L-
aspartate N-carboxyanhydride using PEG-NH2 (Mn0
3.7 kDa) as a macroinitiator. PEG-PGA (Mn06.7 kDa)
was obtained from PEG-PBLG by deprotection in HBr/
HAc solution. 1H nuclear magnetic resonance (NMR) was
carried out to confirm the synthesis of the designed copoly-
mers by using a Varian 300-MHz NMR spectrometer in
deuterated chloroform (CDCl3) at room temperature.

Synthesis of Fe3O4 nanoparticles

Fe3O4 nanoparticles (SPION) measuring 6 nm were syn-
thesised according to a reported method [19].

Preparation of PEI-SA vesicles

The PEI-SAvesicles were prepared as follows: PEI-SA copoly-
mer (10 mg) and SPION (0 or 1 mg) were dissolved in chloro-
form (2mL), then 200μL pure water was added dropwise under
ultrasound agitation using a Type 60 Sonic Dismembrator (Fish-
er Scientific) at a power level of 30. Afterwards, the mixture was
added dropwise into pure water (20 mL) under sonication. The
organic solvent chloroform was then removed completely by
vacuum distillation. The vesicle solution was concentrated and
washed three times using a Millipore Centrifugal Filter Device
(MW cut-off: 100,000 Da) to remove free SPION, and then
filtered with a syringe filter (pore size: 0.22 μm).

PEG-PGA coating of PEI-SA vesicles

A predetermined amount of PEG-PGA was added to the
prepared PEI-SA vesicle solution at different C/N ratios
(the molar ratio of carboxyl groups of PEG-PGA to amino
groups of PEI-SA) and kept at room temperature for 20 min
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to form various cationic PEG-PGA-coated nanovesicle sol-
utions. The iron concentration of nanovesicles was mea-
sured by atomic absorption spectrophotometry (AAS), and
r2 relaxivity was determined by in vitro MRI.

Optimal cell labelling conditions

A total of 5×105 MSC were cultured in 96-well plates with
200 μL culture medium per well. When cells grew to 80–90%
confluence, the culture medium was replenished, and cationic
nanovesicles were then directly added to the culture medium
to label cells. To determine the optimal labelling concentra-
tion, 1, 2, 4, 6, 8, 10 and 12 μL of 20-mV nanovesicles were
separately added to the cells in 12 wells each, with final iron
concentrations of 0.525, 1.05, 2.1, 3.15, 4.2, 5.25 and 6.3 μg/
mL respectively. The cells were incubated for 60 min under
standard culture conditions (37°C, 5%CO2). To determine the
optimal labelling duration, 6 μL of 20-mV nanovesicles was
added and incubated with cells in 12 wells each for 5, 15, 30,
45, 60, 90 and 120 min under standard culture conditions. In
the above two tests, 12 wells of untreated cells served as
controls. After labelling, the medium was discarded, the cells
were washed three times with phosphate-buffered saline
(PBS) to eliminate residual nanovesicles, and the intracellular
uptake of SPION was determined.

Controllability of labelling

As determined by the above optimal labelling condition, 6 μL
charge-free (as controls) and equivalent 8, 14 and 20 mV nano-
vesicles were separately added to culture medium in 12 wells
and incubated for 1 h under standard culture conditions to
assess whether nanovesicles with different electric potentials
could result in different intracellular uptake of SPION. After
labelling, the cells were washed three times with PBS. The
intracellular uptake of SPION was detected, and cell viability,
proliferation activity and differentiation capability as well as the
intracellular distribution of SPION were assessed.

Intracellular uptake of SPION

The intracellular uptake of SPION was evaluated by in vitro
MRI, Prussian blue staining and AAS. The cells were resus-
pended in 200 μL 4% gelatin solution for MR imaging. For
Prussian blue staining, the cells were incubated with Prus-
sian blue solution containing 7% hydrochloride and 5%
potassium ferrocyanide(II) trihydrate for 30 min at 37°C.
For AAS, the cells were suspended in 1 M HCl solution to
allow for polymer degradation and complete dissolution of
SPION. Iron concentration was determined at the specific
Fe absorption wavelength (248.3 nm) based on a pre-
established calibration curve.

Cell viability, proliferation and differentiation
and intracellular SPION distribution

Cell viability was determined by trypan blue exclusion assays,
and cell proliferation activity was evaluated by 3-[4,5-dime-
thylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) as-
say on days 1, 2 and 3 after labelling, as described [20]. For
differentiation capability, the labelled cells and untreated cells
were treated with adipogenic, chondrogenic and osteogenic
induction medium (Cyagen, Guangzhou, China) to test their
differentiation capability as described [21]. Oil red O dye stain-
ing and Alizarin red dye staining were performed respectively
to detect adipogenic differentiation after 14 days of treatment
with adipogenic medium and osteogenic differentiation after
20 days of treatment with osteogenic medium. Toluidine blue
staining (detection of proteoglycans) was used to reveal the
presence of macromolecules diagnostic of chondrogenic differ-
entiation after 21 days of micromass culture with serum-free
medium and 10 ng/mL transforming growth factor-β3.

The intracellular distribution of SPION was determined
by transmission electron microscopy (TEM). MSC were
fixed in 3% glutaraldehyde-cacodylate buffer at 4°C over-
night. After 1 h in 1% OsO4, they were dehydrated and
embedded in artificial resin (Epon; Merck, Darmstadt, Ger-
many). To prevent false-positive findings, thin sections of
the cell probes were evaluated unstained (i.e. without double
staining with uranyl acetate and lead citrate) using an elec-
tron microscope (CM-10, Philips) at 60–80 kV.

In vitro MRI

Magnetic resonance imaging was performed on a clinical
1.5-T system (Intera; Philips Medical Systems, Best, the
Netherlands) with an 11-cm circular coil. Fast spin echo
(FSE) T1- and T2-weighted images were acquired using
the following parameters: TR/TE0500/15 ms, number of
signal acquisitions (NSA)02; TR/TE02,600/100 ms,
NSA04. Fast field echo (FFE) T2*-weighted images were
obtained using the following parameters: TR/TE0200/
14.7 ms, flip angle025°, NSA04. T2 relaxation data were
acquired by using single-section multi-spin-echo sequences
with the following parameters: TR02,000 ms, stepped echo
time020–160 ms for eight steps; echo spacing020 ms. Oth-
er acquisition parameters for these sequences were FOV070–
80 mm, matrix0256×256 and section thickness01.5 mm. T2
maps were calculated from the T2 relaxation data by using the
available software tools provided by the manufacturer, which
are based on least-squares algorithms. A circular region of
interest was selected in each sample, and the values of T2
relaxation times were derived. T2 relaxivity of nanovesicles
was calculated from the slope of the linear plots of r2 relaxa-
tion rates (1/T) versus Fe concentration determined by linear
least-squares regression analysis.
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Animal surgery and cell transplantation

An intraluminal suture, middle cerebral artery occlusion was
used to produce left cerebral acute ischaemic stroke as de-
scribed previously [22]. Specifically, a nylon poly-l-lysine-
coated 4-cm suture with a blunt head (model 2636; Sunbio

Biotech, Beijing, China) was inserted 3.0 cm into the internal
carotid artery via the proximal external carotid artery, and
120 min of occlusion was selected to establish the cerebral
ischaemic model. Two days after surgery, 18 animals were
randomly selected to receive stereotactic injection of 1×106

MSC pre-labelled by charge-free, 8 or 20 mV nanovesicles

Fig. 1 Synthesis and
characteristics of nanovesicles.
Graphs show the 1H nuclear
magnetic resonance (NMR)
spectrum of PEI-SA (a) and the
particle size and zeta potential
with or without electrostatic
coating of poly(ethylene gly-
col)-poly(L-glutamic acid)
(PEG-PGA) at various carbon/
nitrogen (C/N) ratios (b).
Transmission electron micros-
copy (TEM) image shows that
the nanovesicles measured
150 nm (c), and the superpara-
magnetic iron oxide nanopar-
ticles (SPION) were located
inside the nanovesicles within
the nanovesicle bilayer (d).
Graphs show the r2 relaxivity of
SPION-loaded nanovesicles (e)

Fig. 2 Optimal labelling concentration. Graphs show that, with an
increase in the concentration of nanovesicles (a, b) or incubation time
(d, e), T2 values and cell iron content of labelled cells exhibited an

exponential change as measured by atomic absorption spectrometry
(AAS). This change was consistent with the signal intensity changes on
T1-, T2- and T2*-weighted images and the T2 map (c, f)
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(n06 each) into the contralateral striatum (stereotaxic coordi-
nates: 0.95 mm lateral to bregma, 0.02 mm rostral to bregma
and 2.6 mm deep from the pial surface) using a 26s gauge
needle attached to a 10-μL Hamilton syringe mounted on a
microinjector. For injection, cells were suspended in 20 μL
PBS, and cell viability was determined to be greater than 90%.
The cell suspension was injected at a constant rate of 0.5 μL/
min. After injection, the needle was left in place for an
additional 5 min and then slowly withdrawn.

In vivo MRI

At 1, 3 and 7 days after injection, MRI was performed to detect
the distribution and migration of the grafted cells on a clinical
1.5-T system (Intera; Philips Medical Systems) with a 50×
69 mm linearly polarised birdcage radio frequency rat coil
(Shanghai Chenguang Medical Technologies, China). Axial

and coronal brain images were obtained by using FSE proton-
weighted imaging (TR/TE01,500/30 ms; NSA02), T2-
weighted imaging (TR/TE02,600/100 ms; NSA03) and FFE
T2*-weighted images (TR/TE0600/9.28 ms; flip angle090°;
NSA03). Other parameters for these sequences were FOV0
70 mm, matrix0256×256 and section thickness01.0 mm.

Histology

At 7 days after transplantation, animals were sacrificed after
MRI bymeans of anaesthetic overdose and then transcardially
perfused with saline followed by 4% paraformaldehyde in
PBS. The brain was removed and cryoprotected in 20%
sucrose solution. Contiguous coronal 10-μm thickness sec-
tions were prepared for Prussian blue staining and
streptavidin-peroxidase immunohistochemical staining for
CD11b (specific for macrophage-microglia) and CD29

Fig. 3 Controllability of
labelling. Graphs show that
with an increase in the electric
potential of nanovesicles, the
T2 value (a) and cell iron
content measured by atomic
absorption spectrometry (AAS)
(b) exhibited a linear change.
This was consistent with the
signal intensity changes
observed on T1-, T2- and T2*-
weighted images and the T2
map (c) and cell uptake of iron
particles revealed by Prussian
blue staining (d)

Fig. 4 Cell viability and
proliferation. Graphs show that
the cell viability (a) and cellular
proliferation were not decreased
after labelling (b)
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(specific for MSC). For immunohistochemical staining, sec-
tions were blocked by goat serum for 30 min, followed by
incubation with primary antibodies against CD11b (1:250,

Chemicon, CA, USA) or CD29 (1:250, Chemicon) at 4°C
overnight. After washing three times with PBS, sections were
incubated with secondary antibodies (1:100, Chemicon) at

Fig. 5 TEM of labelled cells. TEMmicrographs demonstrate that there were more SPION (black arrows) located within the lysosomes in cells labelled
with higher electric potential nanovesicles. The scale bar represents 1 μm

Fig. 6 Cell differentiation. Under appropriate induction conditions,
neutral lipid accumulation was observed as a result of adipogenic
induction in unlabelled cells (a) and labelled cells (b). Alizarin red
dye staining showed small calcium nodules in unlabelled (d) and

labelled cells (d). Toluidine blue staining showed positive staining in
the extracellular matrix for unlabelled (e) and labelled cells (f) follow-
ing micromass culture. Arrows indicate typical SPION-loaded cells.
The scale bar represents 100 μm
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room temperature in the dark for 2 h. Then, the sections were
washed three times with PBS, and the immunoreactive signals
were observed by 3,3’-diaminobenzidine (DAB) brown
colour.

Statistical analysis

All data are expressed as means ± standard deviation,
unless stated otherwise. Values for cell viability and
proliferation in labelled and control cells are expressed
as the percentage of the average value. Cell T2 value,
Fe concentration, cell viability and proliferation activity
were compared by using the analysis of variance (ANOVA),
followed by the Bonferroni post-hoc test for multiple pairwise
comparisons. Statistical calculations were performed using
SPSS 12.0 software for Windows (Chicago, IL, USA). All P
values of <0.05 were considered to indicate a statistically
significant difference.

Results

Synthesis and characterisation of nanovesicles

1H NMR spectrum showed that the chemical shifts were
consistent with the expected structures of the polymer
(Fig. 1a). The graft density of PEI was 30%, as calculated
from the 1H NMR spectrum by comparing the integral
values of characteristic peaks of –NHCH2CH2– at
2.83 ppm and –(C0O)NCH2CH2– at 3.41 ppm. As electro-
static coating of PEG-PGA increased (i.e. as the C/N ratio
increased), the zeta potential of the vesicles steadily declined,
and the particle size was maintained at a higher value
(Fig. 1b). Since the small size and positive charge are in favour
of nanoparticle uptake by cells, vesicles prepared at a C/N
ratio of 1/4 were selected for the following biological studies,
where the measured size of the cationic vesicles was 150±
25 nm (Fig. 1c, d), the iron concentration was 105 μg/mL and
the measured r2 relaxivity was 0.3431×106 M−1S−1 (Fig. 1e).

Optimal labelling condition

T2 values and T2 signal intensity of labelled cells exhibited a
non-linear change with an increase in both nanovesicle con-
centration and incubation time. AAS demonstrated that the
optimal concentration was 3.15 μg Fe/mL, with a mean iron
concentration of 51.12 pg in a single cell; and labelling was
most efficient at 60 min incubation (P00.029), with a mean
iron concentration of 50.02 pg in a single cell (Fig. 2). Greater
nanovesicle concentration or longer exposure time (up to 2 h)
did not improve the cellular SPION uptake.

Controllability of labelling

Under the optimal concentration and incubation time (i.e.
3.15 μg/mL and 1 h incubation time), T2 values and T2
signal intensity of cells showed a linear change with an
increase in electric potential. The higher the electric poten-
tial with the nanovesicles, the higher the intracellular uptake
of iron, as determined by AAS (P00.021) and Prussian blue
staining. No SPION were detected in the cells labelled with
charge-free nanovesicles (Fig. 3).

Cell viability, proliferation and differentiation
and intracellular SPION distribution

There was no decreased cell viability and cell proliferation
capacity in labelled cells compared with controls (P00.241;
0.191) (Fig. 4). TEM demonstrated that SPION were present
in the endosomes inside the cytoplasm. Occasionally some

Fig. 7 In vivo MRI of the grafted cells. At 1 day after injection,
coronal T2*-weighted images show hypointense area representing
SPION-labelled mesenchymal stem cells (MSC) (arrows) in the right
striatum in animals grafted with 8-mV (b) and 20-mV (c) nanovesicle-
labelled cells. Cells labelled with 20-mV nanovesicles show larger
hypointense areas than those labelled with 8-mV nanovesicles. No
obvious developing signal was found during the entire study period
in the animals grafted with charge-free nanovesicle-labelled cells (a).
By 7 days after injection, linear hypointense signal was found in the
corpus callosum in animals grafted with 20-mV nanovesicle-labelled
cells (arrowheads)
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SPION particles were found to attach to the outer surface of
the cell membrane (Fig. 5). The labelled cells showed a
similar adipogenic, chondrogenic and osteogenic differenti-
ation capacity as the untreated MSC under appropriate in-
duction conditions (Fig. 6).

In vivo MRI

One day after injection, the grafted cells labelled with cat-
ionic nanovesicles were detected as strongly hypointense
areas in the left striatum on T2- and T2*-weighted images.
This signal intensity remained until 7 days after injection.
Cells labelled with 20-mV nanovesicles showed greater
hypointensity than those labelled with 8-mV nanovesicles.
By 7 days after injection, a linear hypointense area was
found in the corpus callosum on T2*-weighted images in
animals grafted with 20-mV nanovesicle-labelled cells. No
hypointense signal change was observed in animals that
received 0-mV nanovesicle-labelled cell injection (Fig. 7).

Histology

At 7 days after injection, Prussian blue staining showed that
there were positive cells in the striatum in animals injected
with 8- or 20-mV nanovesicle-labelled cells. Immunohisto-
chemistry demonstrated that most grafted cells remaining in

the graft site showed positive CD29 staining but not over-
lapping CD11b staining in the animals receiving 0-, 8- or 10-
mV nanovesicle-labelled cells, indicating the viability of
grafted cells. In animals grafted with 8- and 10-mV
nanovesicle-labelled cells, Prussian blue staining showed that
there was a small number of positive cells in the corpus
callosum, indicating cell migration along the corpus callosum
towards the injured brain (Fig. 8). No double-labelled cells
were found in the migrating cell population, making it unlike-
ly that the observed migration was mainly caused by SPION-
laden macrophages.

Discussion

Our study suggested that SPION could be successfully trans-
ferred into MSC using cationic nanovesicles, and that control-
lable cell labelling could be achieved by regulating the
electrical potential of the nanovesicles. The labelling did not
alter cell viability, proliferation or differentiation. The distri-
bution and migration of the grafted, labelled cells could be
detected in vivo by MRI. The achieved labelling efficiency
was comparable with that using dendrimers, PLL or lipofect-
amine [7].Moreover, the variability in labelling efficiencywith
the different electric potentials of nanovesicles was reflected in
the different extents of hypointense signal of labelled cells in

Fig. 8 Histology of the grafted cells. At 7 days after injection, there is
distinct punctuate Prussian blue staining in the graft site (arrows) and
the corpus callosum (arrowheads) in animals treated with 8-mV (b) or
10-mV (c) nanovesicle-labelled cells. The distribution pattern of pos-
itive cells was matched with the hypointense signal observed on MRI.
Immunohistochemical staining demonstrated that most of the cells

remaining at the graft site in animals treated with 0-mV (a), 8-mV
(b) or 10-mV (c) nanovesicle-labelled cells were positive for CD29
staining, but not overlapping CD11b staining. The scale bars represent
200 and 25 μm on Prussian blue staining and immunohistochemical
staining micrographs respectively
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the graft sites. Histology confirmed the label retention and
viability of labelled cells at 7 days after transplantation.

Many molecules on the cell surface are negatively
charged owing to the presence of sialic acids, which account
for the bulk of the charge on the cell surface [23, 24]. The
major class of TA and magnetodendrimers was used to
ameliorate the electrostatic interaction between iron par-
ticles and cellular membrane, eliciting macropinocytosis
for cell labelling [5]. In our study, the synthesised cationic
nanovesicles have positive charges on their surface, through
which SPION-loaded nanovesicles are thought to interact
with the cell surface through electrostatic (van der Waals)
bonds, resulting in a bending of the membrane that initiates
endocytosis and/or macropinocytosis, whereby SPION were
internalised into the cytoplasm or endosome. Unlike TA, the
unique hollow structure of nanovesicles enables direct load-
ing of SPION. The use of amphiphilic polymers in aqueous
solution to form nanovesicles made the size relatively uni-
form and thus allowed a constant loading content of SPION.
Moreover, the nanovesicles with the NH2 linked to the surface
could carry different amounts of surface positive electric
potentials through regulating the extent of NH2 amino pro-
tonation to achieve controllable labelling efficiency.

Our results showed that there was a saturation effect for
nanovesicle internalisation in the tests of optimal labelling
condition; that is, the most efficient labelling was achieved
when using 3.15 μg Fe/mL nanovesicles with 20-mV pos-
itive charges and 1-h incubation time. The electrostatic
interaction between nanovesicles and cell membranes grad-
ually declined with the increase in the nanovesicle concen-
tration or incubation time, and eventually reached a plateau
where all the available negatively charged cell membranes
were completely neutralised by the cationic nanovesicles.
This phenomenon could also be observed with other cation-
ic TA for cell labelling [25]. However, comparatively, using
nanovesicles to label stem cells has a variety of advantages:
the labelling procedure itself is simple and rapid; the nano-
vesicles consist of new materials with biocompatible and
biodegradable characteristics, which have good biological
safety and low toxicity; the nanovesicles can easily be
chemically modified and linked with the specific ligands
to achieve actively targeted imaging; the loading capacity of
the nanoparticles is controlled, thus it can achieve high load
and release loaded materials in a controlled way [26].

There were limitations in our study. Our study showed
that the nanovesicle-labelled MSC had unaltered viability,
proliferation activity and differentiation capability, and their
distribution and migration following transplantation could
be detected by MRI. However, the extensive use of this
method might be limited with regard to the required syn-
thetic fabrication of nanovesicles. Other than SPION label-
ling, a simple method of cell labelling with fluorine 18 [27]
or 111In-oxine [28] has been reported for tracking injected

MSC [27]. However, techniques dependent on radioactive
isotopes in general are limited by the half-lives of the iso-
topes, and thus difficult to apply for longitudinal monitor-
ing. With the advantages of non-invasiveness, non-
radiation, superior resolution and simultaneous supplemen-
tal information about the surrounding tissue relevant to graft
status, cellular MRI is entirely clinically translatable and is
already being used in initial clinical applications [29].

In conclusion, our study demonstrated that highly effi-
cient and controllable labelling of stem cells can be achieved
by using cationic, SPION-loaded nanovesicles, whose in
vivo distribution and migration of stem cells in the context
of cerebral ischaemia injury can be tracked by MRI. The
labelling does not affect the cell viability, proliferation ac-
tivity or multilineage differentiation capability. The grafted
cells can retain the label and remain viable. Without the
need for a secondary transfection agent, our labelling
appears to be an appealing, alternative cell labelling ap-
proach that could be used for further controllable cellular
MRI in stem cell therapy.
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