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Multifunctional Upconversion Nanoparticles for 
Dual-Modal Imaging-Guided Stem Cell Therapy 
under Remote Magnetic Control
 Stem cells have generated a great deal of excitement in cell-based therapies. 
Here, a unique class of multifunctional nanoparticles (MFNPs) with both 
upconversion luminescence (UCL) and superparamagnetic properties is used 
for stem cell research. It is discovered that after being labeled with MFNPs, 
mouse mesenchymal stem cells (mMSCs) are able to maintain their viability 
and differentiation ability. In vivo UCL imaging of MFNP-labeled mMSCs 
transplanted into animals is carried out, achieving ultrahigh tracking sensi-
tivity with a detection limit as low as  ≈ 10 cells in a mouse. Using both UCL 
optical and magnetic resonance (MR) imaging approaches, MFNP-labeled 
mMSCs are tracked after being intraperitoneally injected into wound-bearing 
mice under a magnetic fi eld. The translocation of mMSCs from the injection 
site to the wound nearby the magnet is observed and, intriguingly, a remark-
ably improved tissue repair effect is observed as the result of magnetically 
induced accumulation of stem cells in the wound site. The results demon-
strate the use MFNPs as novel multifunctional probes for labeling, in vivo 
tracking, and manipulation of stem cells, which is promising for imaging 
guided cell therapies and tissue engineering. 
  1. Introduction 

 Mesenchymal stem cells (MSCs) are multipotent cells that 
can differentiate into a variety of mesenchymal tissues, and 
have shown great promise as a potential source of cell-based 
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therapies, such as amyotrophic lat-
eral sclerosis, acute myocardial infarc-
tion, liver cirrhosis, Parkinson’s disease, 
and repairing of various damaged 
tissues. [  1–6  ]  However, the in vivo non-
invasive monitoring of stem cells after 
transplantation with high sensitivity and 
accuracy in the host body is one critical 
issue remains to be resolved in this fi eld. 
Labeling MSCs with reporter genes and 
the use of corresponding optical imaging 
techniques provide a noninvasive method 
for tracking and quantifying the fate 
of administered MSCs in vivo. [  7  ,  8  ]  This 
approach, although is a powerful tool 
in animal studies, has limited value in 
terms of clinical translation. [  7  ,  9  ,  10  ]  On the 
other hand, several different methods to 
label stem cells with exogenous probes 
including quantum dots (QDs), [  11  ,  12  ]  
magnetic nanopartciles, [  13–15  ]  carbon 
nanotubes, [  16  ]  and silicon nanoparticles [  17  ]  
have also been developed for in vivo stem 
cell tracking via various imaging modalities such as optical 
imaging, magnetic resonance imaging (MRI), and radionucle-
otide based imaging. [  15  ,  18  ,  19  ]  However, due to the intrinsic limits 
of current imaging techniques and tracking probes, the accu-
rate detection of small numbers of cells, as well as the remote 
control of stem cells translocation after in vivo transplantation, 
remains challenging in stem cell research. 

 In recent years, near-infrared (NIR) excited upconversion 
nanoparticles (UCNPs), usually based on lanthanide-containing 
nanocrystals, have attracted intensive interest due to their great 
potentials in various fi elds including biomedicine. [  20–26  ]  In 
comparison with classical down-conversion fl uorescent probes 
(such as QDs and dyes), UCNPs show large anti-Stokes shift, 
sharp emission bands, high resistance to photobleaching, and 
importantly, minimal autofl uorescence background signals that 
allow sensitive imaging and detection in biological systems. In 
addition, a large number of reports have evidenced that UCNPs 
show low toxicity in vitro to cells and in vivo to animals. [  27–29  ]  
Owing the above-mentioned advantages of UCNPs, many 
groups including us have explored UCNPs as novel optical 
nanoprobes in biomedical imaging and detection. [  24  ,  30–35  ]  
Owing to the absence of autofl uorescence background, the 
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     Figure  1 .     Multifunctional upconversion nanoparticles used for stem cell tracking. a) A schematic illustration showing the composition of MFNP-PEG. 
b) SEM image of MFNPs. c) TEM image of MFNPs. d) A high-resolution TEM image on the surface of a MFNP. e) UV-vis-NIR absorption spectra of 
UCNP-PAA and MFNP-PEG solutions. f) UCL spectra of UCNP-PAA and MFNP-PEG solutions at the same Y 3 +   concentration. g) Photographs of a 
MFNP-PEG sample in the aqueous solution under ambient light (left), exposed to a 980 nm laser (middle), and with a magnet (right).  
UCNP-based upconversion luminescence (UCL) imaging 
appears to be much more sensitive than QD-based in vivo fl uores-
cence imaging. [  36  ]  In vivo multimodal imaging based on UCNPs 
has also been demonstrated recently. [  31  ,  37  ]  With UCNPs as labe-
ling probes, ultrasensitive detection of cells in small animals has 
further been realized in a number of latest studies. [  38  ,  39  ]  

 Recently, we developed a layer-by-layer (LBL) assembly 
approach to synthesize a class of MFNPs consisting of a 
UCNP particle as the core, a layer of ultrasmall iron oxide 
nanoparticles (IONPs) as the intermediate shell, and a thin 
layer of gold as the outer shell ( Figure    1  a). [  31  ]  Those MFNPs 
after functionalized with polyethylene glycol were used for 
upconversion luminescence (UCL)/magnetic resonance multi-
modal imaging as well as magnetically targeted photothermal 
ablation of cancer in vitro and in vivo. [  31  ,  32  ]  Herein, we use PEG 
conjugated MFNPs to label mMSCs, whose proliferation and 
differentiation potentials are found to be not obviously affected 
after MFNPs labeling, for ultrasensitive in vivo whole-body stem 
cell tracking by both UCL optical and MR imaging techniques. 
Owing to the strong magnetism of our MFNPs, we success-
fully show that the in vivo translocation of mMSCs labeled with 
nanoparticles after being injected into mice can be remotely 
controlled by applying a local magnetic fi eld. Highly effi cient 
magnetically targeted accumulation of MNFP-labeled mMSCs 
is observed in the wound site nearby a magnet, where remark-
ably enhanced tissue repairing is realized afterwards. Our work 
demonstrates imaging-guided externally-controlled stem cell 
translocation and therapy in vivo, and promises future explora-
tions of multifunctional nanoprobes in stem cell research.    
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 272–280
 2. Results and Discussion  

 2.1. Functionalization and Characterization of MFNPs 

 Polyethylene glycol (PEG)-functionalized MFNPs were synthe-
sized as described in our previous report (Figure  1 a). [  31  ]  Firstly, 
Yb and Er doped NaYF 4  UCNPs (Y:Yb:Er  =  69:30:1) with the 
diameter of  ≈ 180 nm were synthesized following a literature 
procedure and modifi ed with poly (acrylic acid) (PAA, MW  =  
1800) via a ligand exchange method at high temperature. Mag-
netic nanoparticles (Fe 3 O 4 ) with an average diameter of 5 nm 
were modifi ed with dopamine (DA) and then attached on the 
surface of UCNPs through the electrostatic force. Afterwards, 
a thin layer of Au shell (2–3 nm) was grown on the surface 
of UCNP-IONP nanocomposite by seed-mediated growth, 
obtaining composite MFNPs with an average diameter of 
 ≈ 220 nm and the molar ration of Y:Fe:Au to be 100:37:4 as 
determined by inductively coupled plasma atomic emission 
spectroscopy (ICP-AES) (Figure  1 b–d). [  31  ]  The Au shell could 
not only be used to facilitate surface PEG coating on nanopar-
ticles by the thiol-gold chemistry, but also offer NIR absorb-
ance useful for photothermal therapy and photoacoustic 
imaging. [  16  ,  32  ]  The as-prepared MFNPs were then functionalized 
by lipoic acid conjugated PEG to improve their water solubility 
and biocompatibility. The hydrodynamic diameter of PEGylated 
MFNPs (MFNP-PEG) was  ≈ 240 nm (Supporting Information 
Figure S1), a little larger than the TEM result. MFNP-PEG solu-
tion was deep purple in color and well dispersed in various 
physiological solutions including saline, cell medium, and 
273wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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serum (Figure  1 g, Supporting Information Figure S2). UV-vis-
NIR absorption spectrum of MFNP-PEG showed a broad reso-
nance absorption band from 400 nm to 1000 nm (Figure  1 e), 
which was consistent with the plasmon resonance frequencies 
observed in similar Au nanostructures. [  40  ]  After the growth of 
the IONP layer and gold shell,  ≈ 88% UCL emission of MFNPs 
at 540 nm was retained compared to PAA modifi ed UCNPs 
(Figure  1 f). As shown and discussed in our previous report, 
the layer of IONPs could prevent the direct contact between the 
UCNP surface and the Au shell, and signifi cantly reduce the 
luminescence quenching of the Au nanostructure to UCNPs. [  31  ]  
The lack of obvious hysteresis loops in fi eld-dependent magnet-
ization measurement indicated the superparamagnetic nature 
of the IONPs and those composite MFNPs (Supporting Infor-
mation Figure S3). [  31  ]  T2-weight MR images of MFNPs acquired 
on a 3.0-T MR scanner revealed the concentration-dependent 
darkening effect, with the transverse relaxivity (R 2 ) of MFNPs 
measured to be 320.1 mM  − 1 S  − 1  (Supporting Information Figure 
S3). Due to their strong magnetism, MFNPs could be rapidly 
attacked by a magnet placed nearby (Figure  1 g).   
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G

     Figure  2 .     Stem cell labeling with MFNPs. a) Confocal UCL images of mM
0.05 mg/mL, 0.1 mg/mL, and 0.2 mg/mL. All images were taken under the 
b) T2-weighted MR images of mMSCs labeled with different concentrations
T2-weighted MR signal intensities in (b).  
 2.2. Stem Cell Labeling with MFNP-PEG 

 We next used MFNPs for stem cell labeling. mMSCs were 
obtained from the bone marrow of healthy Balb/C mice by the 
standard protocol and characterized by their specifi c surface 
antigen expressions using fl ow cytometry (Supporting Informa-
tion Figure S4). [  41  ,  42  ]  For cell labeling, mMSCs were incubated 
with MFNP-PEG for 4 h. After washing with PBS to remove free 
nanoparticles, stem cells labeled with MFNPs were imaged by a 
modifi ed laser scanning confocal microscope. It was found that 
mMSCs incubated with MFNPs showed quite strong UCL emis-
sion. As expected, the cellular uptake of MFNPs increased as the 
rise of MFNP-PEG concentrations ( Figure    2  a,c). MR imaging 
was also used to evaluate the cell uptake effi ciency of MFNPs. 
We observed that the T2-weighted MR signals of mMSCs 
decreased with the increase of MFNP-PEG concentrations after 
4 h incubation (Figure  2 b,d). No signifi cant UCL signals were 
observed from mMSCs incubated with MFNP-PEG under 4  ° C 
(Supporting Information Figure S5), suggesting that the cel-
lular uptake of those nanoparticles could likely via the energy 
mbH & Co. KGaA, Weinheim

SCs labeled with MFNP-PEG at different concentrations at 0.025 mg/mL, 
identical instrumental condition and presented at the same intensity scale. 
 of MFFNP-PEG. c) Quantifi ed UCL signal intensities in (a). d) Quantifi ed 
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dependent endocytosis mechanism, [  43  ]  although further carefully 
studies are needed to fully illustrate the detailed cell entry path-
ways and intracellular fates of those relatively big nanoparticles.  

 The labeling probes could leak out from stem cells over time 
by exocytosis, a common problem in stem cell tracking which 
leads to the uptake of these probes by other nearby cells, intro-
ducing false positive signals. [  44  ,  45  ]  We thus investigated this 
issue by a transwell culture system. MFNP-labeled mMSCs 
were cultured in the upper compartment of the transwell 
culture system, while unlabeled mMSCs were grown in the 
lower compartment. The upper and lower compartments were 
separated by a porous membrane that allowed the passing of 
free nanoparticles but not cells. Although the UCL intensity 
from MFNP-labeled cells cultured in the upper compartment 
decreased over time due to the cell proliferation that diluted 
intracellular nanoparticle concentrations, no obvious signal in 
unlabeled cells cultured in the lower compartment was observed 
after 10 days (Supporting Information Figure S6), suggesting 
that MFNPs could be used in stem cell tracking over a relatively 
long period without signifi cant leakage from labeled cells.   
© 2013 WILEY-VCH Verlag Gm

     Figure  3 .     Toxicity of MFNPs to mMSCs. a) Percentage of LDH leakage of 
ROS determined by DHE staining and FACS measurement after various trea
c,d) Differentiation of mMSCs labeled with MFNPs. mMSCs labeled with M
in vitro and stained with ORO and ARS, respectively. c) ORO stained unlab
adipogenic culture for 2 weeks. d) ARS stained unlabeled mMSCs (D2) and
2 weeks. Normally cultures mMSCs without differentiation were also staine

Adv. Funct. Mater. 2013, 23, 272–280
 2.3. Interactions of MFNPs with Stem Cells 

 Numerous reports have investigated the toxicology of UCNPs 
in vitro and in vivo. It generally accepted that the toxicity of 
UCNPs is closely associated to their size and the surface chem-
istry. [  27  ,  29  ]  Before using MFNP-PEG for stem cell tracking, we 
must understand how MFNPs with large diameters ( ≈ 240 nm) 
interact with mMSCs. A number of methods from various 
aspects were used to evaluate the potential cellular toxicity of 
MFNPs to mMSCs. Standard cell viability assay uncovered no 
decrease in relative viabilities of MFNPs labeled mMSCs at 
the concentration up to 0.5 mg/mL (Supporting Information 
Figure S7). Release of lactate dehydrogenase (LDH) is an indi-
cator of cell membrane damage, which leads to cell necrosis. To 
further look for any potential cell damage caused by MFNPs, 
LDH release from MFNPs labeled mMSCs was also examined. 
It was found that the levels of released LDH from MFNPs 
labeled mMSCs were normal compared to that of untreated 
mMSCs, indicating no obvious cell membrane damage induced 
by MFNPs ( Figure    3  a).  
275wileyonlinelibrary.combH & Co. KGaA, Weinheim

mMSCs after various treatments indicated. b) Generation of intracellular 
tments indicated. Error bars are based on triplicate samples at minimum. 
FNP-PEG (0.1 mg/mL) were differentiated to adipocytes and osteoblasts 
eled mMSCs(C2) and MFNP-labeled mMSCs (C3) after being cultured in 
 MFNP-labeled mMSCs (D3) after being cultured in osteogenic culture for 
d by ORO (C1) or ARS (D1)) as negative controls.  
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 Reactive oxygen species (ROS) such as •O 2 −  , •OH, and H 2 O 2  
can damage biomacromolecules such as DNA, proteins, and 
lipids, resulting in a high degree of cytotoxicity. In this study, 
intracellular peroide and superoxide levels in mMSCs were 
assessed using a dihydroethidine (DHE) probe. No signifi cant 
increase in the percentage of DHE positive cells after treat-
ment with different concentrations of MFNPs was noticed, 
suggesting minimal oxidative stress induced to stem cells 
after MFNP-labeling (Figure  3 b and Supporting Information 
     Figure  4 .     In vivo tracking of MFNP-labeled mMSCs. a) A UCL image of a mouse subcuta-
neously injected with various numbers of mMSCs ( ≈ 10 to 10 4 ) labeled with MFNP-PEG. 
b) Quantifi cation of UCL signals in (a). c–f) Magnetic wound targeting. c) A scheme showing 
the experimental design. The wound-bearing mouse was anaesthetized by isofl urane inhalation 
and i.p. injected with MFNP-labeled mMSCs. A magnet was attached to the left-side wound for 
6 h before imaging. d,e) UCL images of a mouse injected with MFNP-labeled mMSCs taken 
right after injection (d) and 6 h after injection in the presence of a magnetic fi eld (e). f) In vivo 
MR image of the same mouse in (e). Two wounds were highlighted by red rectangles while 
the initial injection site was highlighted by a yellow circle. g) Confocal images of wound slices 
taken from the magnet side (upper row) and the opposite side (lower row). Cell nuclei were 
stained by diamidino-phenylindole (DAPI). Yellow, green and blue colors represent GFP, MFNP 
and DAPI signals, respectively.  
Figure S8). 
 mMSCs can differentiate into various cell 

types including osteoblasts, chondrocytes, 
myocytes, adipocytes, and others, a unique 
behavior useful in tissue repairing and 
regeneration. [  46  ,  47  ]  We next investigated the 
impact of MFNP-labeling to the differentia-
tion capability of mMSCs. Following adipo-
genic differentiation (Figure  3 C1–C3) and 
osteogenic differentiation (Figure  3 D1–D3), 
Oil-red-O (ORO) and Alizarin-red-S (ARS) 
staining were carried out to visualize lipid 
vacuoles and calcium deposits, respec-
tively, revealing that mMSCs labeled with 
MFNPs had similar differentiate capabilities 
compared with normal unlabeled mMSCs 
(Figure  3 c,d). Our data collectively suggest 
that PEGylated MFNPs have no obvious 
toxicity to mMSCs even at the high concen-
tration, and more signifi cantly, would not 
impact the differentiation of labeled stem 
cells.   

 2.4.In vivo Stem Cell Tracking 

 To explore the possibility and detection sen-
sitivity of MFNP-labeled stem cells, various 
numbers of mMSCs labeled with MFNPs 
were subcutaneously injected onto the back 
of a nude mouse, which was then imaged by 
a modifi ed Maestro in vivo imaging system 
with an external 980 nm laser as the excita-
tion source. Strong UCL signals were detected 
on sites injected with MFNP-labeled mMSCs 
( Figure    4  a). Quantifi cation of UCL emissions 
showed an increase of integrated UCL intensi-
ties as the increase in cell numbers. Remark-
ably, as few as  ≈ 10 MFNP-labeled mMSCs 
transplanted into the mouse could be suc-
cessfully detected, showing a much higher 
sensitivity than QD-based cell tracking under 
fl uorescence imaging and IONP-based cell 
tracking under MR imaging, as the detec-
tion limits of the latter two techniques are 
usually no fewer than thousands of cells [  18  ,  48  ]  
(Figure  4 b). The ultra-high sensitivity in 
MFNP-based in vivo stem cell tracking at 
almost the single cell level (it is experimentally 
diffi cult to implant a single cell into a mouse) 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm
is attributed to the absence of background auto-fl uorescence of 
biological tissues in UCL imaging, [  36  ]  whereas in traditional down-
conversion fl uorescence imaging, the strong tissue auto-fl uores-
cence largely limits its detection sensitivity. It is worth noting that 
for our current MFNPs based visible emitting UCNPs, the tissue 
depth during imaging is  ≈ 5–7 mm, [  49  ]  which, however, could be 
easily increased to  > 15 mm if NIR emitting Tm 3 +  /Yb 3 +   co-doped 
UCNPs are used as demonstrated by Li and co-workers in their 
recent report. [  50  ]     
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 272–280
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 2.5. In Vivo Multimodal Imaging of Wound Under 
Magnetically Targeting 

 Several earlier reports have demonstrated that the in vivo movement 
of cells labeled with magnetic nanoparticles could be manipulated 
by applying a magnetic fi eld. [  51–55  ]  Our previous study have shown 
that MFNPs could be used for UCL/MR multimodal imaging as 
well as in vivo magnetically targeted cancer treatment. [  32  ]  We thus 
wondered whether the translocation of MFNP-labeled stem cells 
could be remotely controlled by an external magnetic fi eld. In vitro 
experiments verifi ed that MFNP-labeled mMSCs in the presence 
of a magnetic fi eld could rapidly move toward the magnet within a 
few minutes (Supporting Information Figure S9). 

 Inspired by the in vitro results, we next investigated mag-
netically induced stem cell translocation in vivo. To build the 
wound model, two wounds with diameters of  ≈ 0.8 cm were 
drawn on two sides of abdomen of each mouse by skin peeling-
off. MFNP-labeled mMSCs were then intraperitoneally (i.p.) 
injected in the middle of the abdomen. Magnetic targeting was 
conducted by binding a small magnet to the wound on one side 
of each mouse (Figure  4 c). A modifi ed Maestro in vivo fl uores-
cence imaging system was used to detect MFNP-labeled stem 
cells after transplantation. As expected, extremely bright UCL 
signals were observed 6 hours later from the wound site with 
the magnet attached, while the other wound on the opposite 
side showed neglectable UCL signals (Figure  4 d,e, Supporting 
Information Figure S10), suggesting controlled translocation 
of MFNP-labeled mMSCs under magnetic targeting. Similar 
results were also observed by T2-weighted MR imaging, which 
showed obvious darkening effect in the wound site exposed to 
the magnetic fi eld (Figure  4 f). Quantifi cation of UCL images 
showed a nearly 30-fold increase of UCL signals in the wound 
under the magnetic fi eld compared to the un-targeted control. 
Consistently, T2-weighted MR signals in wound with mag-
netically targeted stem cell accumulation decreased by  ≈ 80% 
compared to the wound on the other side without a magnet 
(Supporting Information Figure S11). Thus in vivo UCL/MR 
dual-modal imaging revealed the excellent magnetic wound tar-
geting effect of MFNP-labeled mMSCs. 

 To verify the observed UCL/MR signals in the wound site 
were indeed from labeled mMSCs rather than free nanoparti-
cles, mMSCs were transfected with green fl uorescent protein 
(GFP) and then labeled with MFNPs before being i.p. injected 
into a wound-bearing mouse. After 6 hours, the mouse was 
scarifi ed and the two wounds in the presence or absence of 
a magnetic fi eld were taken out for ultrathin frozen section 
(10  μ m in thickness). Confocal images of the wound slices 
(Figure  4 g) uncovered that in the wound under magnetic tar-
geting, strong GFP and UCL signals from MFNP-labeled MSCs 
were observed, in marked contrast to the other side of wound 
without magnetic targeting. Importantly, the GFP and UCL 
signals were well co-localized, demonstrating that UCL/MR sig-
nals detected in vivo were due to MFNP-labeled MSCs, rather 
than free nanoparticles (Supporting Information Figure S12).   

 2.6. Tissue Repairing 

 In recent years, MSCs have come to be recognized as one type of 
stem cells actively participating in tissue repairing. [  47  ,  56–58  ]  Various 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 272–280
studies have indicated that when tissue damage occurs, MSCs 
are able to migrate into the damaged tissue to facilitate tissue 
repairing. Although the mechanism of MSC-mediated tissue 
repairing is complicated, it is believed that MSC-derived growth 
factors play an important role. Additionally, MSCs must interact 
closely with various stromal cells and infl ammatory cells once 
they reach the site of damage to participate in tissue repairing. 
Thus how to enhance the migration of implanted MSCs to the 
site of damage could be of great interest in stem cell therapies. 

 Therefore, we next studied the wound repair effi cacy in 
BALB/c mice treated with MFNP-labeled mMSCs. Mice (n  =  8) 
with two wounds on both left and right sides of the abdominal 
skin were i.p. injected with MFNP-labeled mMSCs. A magnetic 
fi eld was applied on one wound of each mouse by placing a 
magnet close to the left side of the mouse abdomen for 6 h 
( Figure    5  a). Figure  5 b showed the in vivo UCL images of mice 
at different time points after implantation of MFNP-labeled 
mMSCs. It was found that the majority of injected mMSCs 
stayed inside the magnetically targeted wounds within 2 weeks.  

 Then we investigated the healing up of wounds over time. 
Careful measurements of wounds at 3, 7, and 14 days post treat-
ment indicated that those wounds exposed to the magnetic fi eld 
exhibited accelerated wound closure in BALB/c mice, compared 
to those on the other side of mice without magnetically targeted 
stem cell accumulation (Figure  5 c,d). Histological evaluation of 
two sides of wounds in BALB/c mice at 2 weeks (Figure  5 e,f) 
post treatment also suggested enhanced re-epithelialization in 
treated wounds under magnetic targeting compared to the un-
targeted control. To our best knowledge, this is the fi rst time 
that imaging-guided enhanced in vivo tissue repairing by using 
magnetic fi eld induced stem cell wound targeting is realized 
in animal experiments. Future applications of this strategy 
involving the use of external control to manipulation the trans-
location of labeled stem cells under the guidance of multimodal 
imaging, may offer new opportunities to stem cell based ther-
apies and tissue engineering, and are potentially valuable for 
many pre-clinical investigations when controlled cell implanta-
tion to specifi c lesions is required, as well as for clinical treat-
ment to achieve improved therapeutic effi cacy.    

 3. Conclusions 

 In summary, MFNPs based on Au shelled UCNP-IONP nano-
composites with unique optical and magnetic properties are 
synthesized and used for in vivo multimodal labeling, tracking, 
and manipulation of stem cells. It is found that MFNP-labeling 
neither induces noticeable toxicity to mMSCs, nor affects their 
ability to differentiate. Due to the absence of background auto-
fl uorescence of biological tissues in UCL imaging, the in vivo 
UCL imaging of MFNP-labeled mMSCs transplanted into ani-
mals achieves ultra-high tracking sensitivity with as few as  ≈ 10 
cells detectable in a mouse. We further track MFNP-labeled 
mMSCs after i.p. injection in the presence of a magnetic fi eld, 
and observe magnetically induced translocation of mMSCs to 
the wound site nearby a magnet. Signifi cantly enhanced tissue 
repairing is further achieved, owing to the controlled mMSCs 
accumulation in the wound under magnetic fi eld, as well as 
the retained activities and functions of stem cells after MFNP-
labeling. Our results highlight the promise of using MFNPs as 
277wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  5 .     Magnetic fi eld induced tissue repairing. a) A photograph of a mouse with one of its two wounds attached to a magnet. The magnetic fi eld 
was applied right after injection of mMSCs and removed 6 h later. b) In vivo UCL images of a mouse taken at 1 day, 7 days, and 14 days after being 
injected with MFNP-labeled mMSCs. Its left wound had been exposed to the magnetic fi eld (highlighted by arrows). c) Photos showing gradual closure 
of the wounds over time after mice were treated with MFNP-labeled mMSCs. Upper and lower rows of photos showed the left side (with magnet) and 
right side (without magnet) wounds, respectively, of a representative mouse. d) The closure of wound areas over time. The wound sizes were meas-
ured by a caliper and calculated as the area at 1 day, 3 day, 7 day, and 14 day. Error bars were based standard deviations (SD) of eight mice per group. 
e,f) H&E stained images of wound slices with (e) and without (f) magnetically induced stem cell accumulation 2 weeks after injection of MFNP-labeled 
mMSCs. P-values:  ∗ , p  < 0.01. Abbreviations: Ep, epidermis; F, hair follicle; M, muscle.  
a new type of multifunctional probes to track and control the 
translocation of stem cells in vivo, and encourage further explo-
ration of imaging-guided remotely-controlled cell therapies for 
better specifi city and enhanced effi cacy.   

 4. Experimental Section  
 Materials : All chemicals involved in this work were analytical grade and 

used without further purifi cation. Y 2 O 3 , Yb 2 O 3  and Er 2 O 3  were purchased 
from Shanghai Chemical Industrial Co. All the rare-earth trifl uoroacetates 
were prepared by dissolving the respective rare-earth oxides in 
trifl uoroacetic acid (CF 3 COOH, Shanghai Chemical Industrial Co.). Oleic 
acid (OA, 90%), oleyl amine (OM) and 1-octadecene (ODE  > 90%) were 
purchased from Sigma-Aldrich. Benzyl ether, 1, 2-dexadecanediol (97%), 
diethylene glycol, iron acetylacetonate (Fe (acac) 3 ), ( α  + ) lipoic acid (LA), 
and dopamine (DA) were also purchased from Sigma-Aldrich.  

 Synthesis of MFNPs : MFNPs were synthesized following our previously 
reported procedure. [  31  ]  Based on a well-established protocol, [  27  ,  59–61  ]  we 
fi rstly synthesized NaYF 4 : Yb, Er (Y:Yb:Er  =  69:30:1) nanoparticles with 
their surface modifi ed by poly(acrylic acid) (PAA). Ultrasmall Fe 3 O 4  
nanoparticles (IONPs) were also synthesized and surface-modifi ed by 
dopamine (DA). Secondly, DA modifi ed IONPs in water were slowly 
added into PAA modifi ed UCNPs under ultrasonication for 1 h. After 
stirring for 5 h, excess IONPs were removed by centrifugation at 
6000 rpm, obtaining a UCNP-IONP composite. After gold seeds were 
attached on the surface of UCNP-IONP, an aged Au growth solution 
was then added, offering a thin gold shell grown on the surface of 
UCNO-IONP composite. The obtained MFNPs were then functionalized 
with LA-PEG to acquire water solubility and stability in physiological 
solutions.  
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag 
 Characterization : Scanning electron microscopy (SEM) images 
were taken by using a FEI Quanta 200F scanning electron 
microscope. Transmission electron microscopy (TEM) and high-
resolution TEM (HR-TEM) images were obtained using a FEI Tecnai 
F20 transmission electron microscope at an acceleration voltage 
of 200 kV. Upconversion fl uorescence spectra were obtained on 
a FluoroMax 4 luminescence spectrometer (HORIBA Jobin Yvon) 
with an external 980 nm laser diode (1 W, continuous wave with 
1 m fi ber, Beijing Hi-Tech Optoelectronics CO., Ltd) as the excitation 
source. UV-vis-NIR spectra were recorded by a PerkinElmer Lambda 
750 UV-vis-NIR spectrophotometer.  

 Isolation and Expansion of mMSCs : mMSCs were obtained from 
BALB/c mice. Mice of 8 to 10 weeks old were individually killed by CO 2 . 
The femurs and tibiae were collected, and ends of each tibia and femur 
were clipped to expose the bone marrow. Then the marrow was fl ushed 
by low glucose-Dulbecco’s modifi ed Eagle medium(L-DMED) medium 
constituted of 10% fetal calf serum, glutamine 4 mM and 1% penicillin/
streptomycin. Cells were then washed twice in a medium and plated in 
a Petri dish at a density of 2  ×  10 6  cells/cm 2 . After 3 days, non-adherent 
cells were removed by washing with PBS two to three times. Adherent 
cells were trypsinized, replanted for expansion and grown to 80% 
confl uence with medium changed every 3−4 days. All cell cultures were 
maintained under the 5% CO 2  atmosphere at 37  ° C.  

 Cell Labeling with MFNPs : MFNP-PEG at various concentrations 
were incubated with mMSCs in 24-well culture plates for 4 h, followed 
by repeated washing with PBS to remove unlabeled MFNP-PEG. 
Confocal luminescence imaging of cells was performed with a modifi ed 
Leica laser-scanning microscope using a 980 nm external laser as the 
excitation source.  

 mMSCs Transfected with Green Fluorescent Protein (GFP) : mMSC 
were transduced with a lenti-virus (pFU vector) carrying a fusion GFP 
reporter gene. The GFP expressing Lentiviral vector was a gift from 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 272–280
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Prof. Yun Zhao at Soochow University. Transductions were performed in 
3 cm diameter 6-well plates (5  ×  10 4  − 1  ×  10 5  cells/well). After 24 h, 
transfected cells were washed twice with PBS and cultured in L-DMEM 
medium until analysis and use.  

 LDH Assay : The cell membrane integrity can be determined by lactate 
dehydrogenase (LDH) leakage assay. LDH leakage was measured using 
a cytotoxicity detection kit (Promega Cat. 7891) following the vendor’s 
protocol. In this experiment, mMSCs lysed by 1% Triton-X-100 were 
used as the positive control, while the cell-free medium was used as the 
negative control. The analysis was performed using a microplate reader 
(Bio-Rad).  

 ROS Assay : ROS production was evaluated by a hydroethidine 
(DHE) probe known be oxidized by various oxidative agents. In brief, 
cells were treated with different concentrations of MFNP-PEG for 
1 day. After trypsination, cells were centrifuged at 1000 min/r for 5 min, 
re-suspended in cell culture medium containing 1  μ M HE (sigma), and 
analyzed using a fl ow cytometry (FACS Calibur from Becton, Dickinson 
and Company).  

 Differentiation of MFNP-Labeled mMSCs : Differentiation capacity of 
mMSCs was assessed by adipogenic and osteogenic differentiation-
induction experiments. For adipogenic differentiation, mMSCs with 
or without MFNP-PEG labeling were plated at a density of 2  ×  10 4  
cells/cm 2  in a 24-well culture plate. When the cells reached confl uent, 
adipogenic differentiation was initiated by adding an induction culture 
containing L-DMEM cell medium supplemented with 10% FBS, 1  μ M 
dexamethasone, 60  μ M indomethacin, 5  μ g/mL insulin, and 0.5 mM 
3-isobutyl-l-methylxanthine. The induction medium was changed every 
3 days in 2 weeks. Cells were then fi xed and stained with 0.3% 
Oil-red-O. 

 The osteogenic induction culture was L-DMEM supplemented with 
10% FBS, 0.1  μ M dexamethasone, 50 mg/L ascorbic acid, and 10 mM 
 β -glycerophosphate. The culture medium was replaced every 3-4 days. 
After being cultured for 2 weeks, cells were fi xed and stained by Alizarin 
red S.  

 In Vivo Multimodal Imaging : MFNP-labeled mMSCs (10, 10 2 , 10 3 , and 10 4  
cells) suspended in PBS were subcutaneously transplanted into the back of 
athymic nude mice. A modifi ed Maestro in vivo imaging system using a 
980 nm optical fi ber-coupled laser as the excitation source was employed to 
image the mice. The laser power density was  ≈ 0.4 W/cm 2  during imaging 
(exposure time  =  20 s). An 850 nm short-pass emission fi lter was applied to 
prevent the interference of excitation light to the CCD camera. 

 MR imaging studies were conducted on a 3-T clinical MRI scanner 
(Bruker Biospin Corporation, Billerica, MA, USA) equipped with a special 
coil designed for small animal imaging.  

 Magnetically Induced Tissue Repairing by Stem Cells : BALB/c mice 
(8 weeks old; female; body weight, 20–23 g) were obtained from Suzhou 
Belda Bio-Pharmaceutical Co. and performed under protocols approved 
by Soochow University Laboratory Animal Center. For magnetic wound 
targeting, the same two wounds (d  ≈  0.8 cm) were drawn at the 
abdomen of each mouse following a literature protocol. [  58  ]  In brief, 
after hair removal from the dorsal surface and anesthesia, two 8-mm 
full-thickness excisional skin wounds were created on each side of the 
midline. The tegaderm was placed over the wounds to stabilize the 
wound position. The animals were housed individually. After one day, 
MFNP-labeled mMSCs were i.p. injected into the center of the abdomen 
of each mouse. Magnetic targeting was conducted by attaching a small 
magnet onto one side of the wounds for 6 h right after injection of 
cells. A totally of 8 mice were used in this study. The wound sizes were 
measured by a caliper and calculated as the area at 1 day, 3 day, 7 day, 
and 14 day. For statistic comparison, P values were calculated by the 
student’s t-test.   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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