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C
ell-based therapies are a major focus
of regenerativemedicine and cancer.1,2

However, a significant barrier to the
effective implementation of cell therapy is
the inability to deliver sufficient number
of cells to the tissue of interest. Culture-
expanded mesenchymal stem cells (MSCs)
are emerging therapeutics currently under
investigation in more than 200 ongoing
clinical trials to treat a variety of inflamma-
tory, ischemic, and neurologic diseases.3

The use of MSCs for cell therapy relies on
the capacity of these cells to home and
long-term engraft into the appropriate tar-
get tissue.4,5 Although the exactmechanism
by which MSCs cross the endothelial cell
layer and are recruited to target tissues
remains unresolved, growing evidence sug-
gests that chemokines and their receptors
are involved as important factors to control
cell migration. For example, interaction be-
tween chemokine stromal-derived factor
1R (SDF-1R) and its receptor C-X-C chemo-
kine receptor type 4 (CXCR4)6�8 is of pivotal
importance in this process. Various CXCR4-
improving methods have been developed
including genetic modification of MSCs to

overexpress CXCR49 and hypoxic precondi-
tioning of MSCs10,11 to induce CXCR4 ex-
pression, typically with less than 1%ofMSCs
reaching the target tissue.12

The ability to track stem cells noninva-
sively in vivo is of critical importance to
follow the homing ability of stem cells and
to monitor the therapeutic efficacy of stem
cells after systemic delivery. Magnetic reso-
nance imaging (MRI) is a key tool for cell-
tracking studies. Various magnetic nano-
particles (MNPs), such as iron oxide (IO)
MNPs, have been extensively used for track-
ing stem cells because of their superior
signal-to-noise ratio, high spatial resolution,
and safety of the T2*-weighted imaging.13,14

However, the inherent properties of MSCs
after labeling with these MNPs have not
been fully explored, despite growing evi-
dence demonstrating that cellular responses
to IO MNPs were indeed observed.15,16

Currently, the use of virus-mediated de-
livery is the most common strategy for
modifying stem cells. However, a number
of harmful effects limit its clinical applicabil-
ity, including potential cell toxicity, muta-
genesis, and the induction of an immune
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ABSTRACT Stem-cell-based therapies have attracted considerable interest in

regenerative medicine and oncological research. However, a major limitation of

systemic delivery of stem cells is the low homing efficiency to the target site. Here,

we report a serendipitous finding that various iron-based magnetic nanoparticles

(MNPs) actively augment chemokine receptor CXCR4 expression of bone-marrow-derived mesenchymal stem cells (MSCs). On the basis of this observation,

we designed an iron-based nanocluster that can effectively label MSCs, improve cell homing efficiency, and track the fate of the cells in vivo. Using this

nanocluster, the labeled MSCs were accurately monitored by magnetic resonance imaging and improved the homing to both traumatic brain injury and

glioblastoma models as compared to unlabeled MSCs. Our findings provide a simple and safe method for imaging and targeted delivery of stem cells and

extend the potential applications of iron-based MNPs in regenerative medicine and oncology.
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response. As such, an alternative nonviral delivery
method is highly desirable. In this study, we made a
serendipitous discovery that various iron-based MNPs
themselves actively increase CXCR4 expression of
mouse bone-marrow-derived MSCs, which offers a
simple and safe method to potentially target MSCs to
solid tumor and acute injury sites that secret SDF-1R.
The potential molecular mechanism of CXCR4 induc-
tion by iron species was also explored. Furthermore,
the advancement of MRI nanoprobes has significantly
contributed to the tracking of stem cell homing to
targeted sites; however, three major limitations have
continued to prove daunting including nanoprobe
sensitivity, cell labeling efficiency, and stem cell homing
efficiency. To address these limitations, based on the
newly found properties of MNPs induced to MSCs, we
designed an iron-based nanocluster by combining zinc-
doped iron oxide (Zn0.4Fe2.6O4) MNPs with hyaluronic
acid�cholanic acid (HA�CA) amphiphilic polymer for
effective implementation ofMRI-guided delivery of cells
to the target tissues. We demonstrate that this platform
enhances the ability of MSCs to home in both traumatic
brain injury (TBI) and glioblastoma models without
apparent cytotoxicity and phenotype change of MSCs.

RESULTS

Iron Oxide MNPs Actively Increase CXCR4 Expression of Bone-
Marrow-Derived MSCs. A critical property of MSCs for cell

therapy is their intrinsic homing capacity. Several cell
surface receptors such as VLA-4,17 as well as certain
chemokine receptors including CXCR4 and CCR1-5,18

have been reported to mediate MSC homing. Thus, we
sought to determine whether IO MNPs could actively
regulate the expression of these MSC receptors.
We first treated mouse bone-marrow-derived MSCs
with different concentrations of IO MNPs for 2 h, and
subsequently, the cells were continued to culture for
different periods of time by replacing fresh medium,
whichmimics the practical application ofMSC labeling.
As shown in Figure 1A, we examined cell surface re-
ceptor expression by real-time PCR and found that
CXCR4 mRNA level was significantly increased after IO
MNP treatment (**p < 0.01), while other receptors were
virtually unaltered. In addition, the CXCR4 protein level
was also significantly induced in a concentration- and
time-dependent manner (Figure 1B). CXCR4 is gener-
ally regarded as amembrane receptor, which is used to
enhance homing engraftment of MSCs through in-
creased cell invasion in response to SDF-1R, the ligand
of CXCR4. To further explore the distribution of in-
creased CXCR4 in MSCs, different subcellular protein
fractions, including those from the cytoplasm, cell
surface membrane, and nucleus, were stepwise iso-
lated and CXCR4 expression was analyzed by Western
blot. Supporting Information Figure S1 shows that IO
MNP-labeled MSCs had increased CXCR4 expression

Figure 1. Iron oxide magnetic nanoparticles (IO MNPs) increase CXCR4 expression in mesenchymal stem cells (MSCs). (A) Real-
time PCR analysis of cell surface receptor expression of IO MNP-treated MSCs. MSCs were incubated with IO MNPs for 2 h. After
changing to fresh medium, the cells were continued to culture for 22 h. (B) Western blot analysis of MSC CXCR4 expression after
treatmentwithdifferent concentrationsof IOMNPsat the indicatedculture timeafter labeling. The resultsofWesternblottingwere
quantified by measuring the band density and then normalizing it to GADPH. (C) Effects of IO MNP labeling on MSCmigration in
thepresenceandabsenceof SDF-1R. Representative imagesofmigratedMSCs (arrow) through12μmpore sizedmembrane. (Left)
After particle labeling, the samenumber ofMSCswereplated in theupper chambers at a density of 2� 104 cell/well. Once the cells
were in culture for an additional 22h, the cells in the upper surfaceof themembranewere removed,while the cellsmigrated to the
lower membrane surface were fixed and stained with crystal violet. (Right) Quantitative analysis of the migration of MSCs
untreated and treated with IO MNPs in the presence and absence of SDF-1R. Values represent mean( SD (*p < 0.05, **p < 0.01).
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on both cell surface membrane and cytoplasm. These
results suggest the potential of improved homing of
MSCs to inflammatory sites after labeling.

We next investigated whether the IO MNP-labeled
MSCs had improved homing capacity in vitro. The
labeled and unlabeled MSCs were plated in the cham-
bers following the scheme shown in Figure 1C. After
incubation for 22 h, themigratedMSCswere stained by
crystal violet. In the presence of SDF-1R, the unlabeled
MSCs migrated more easily to the lower membrane
surface and showed a 2.21 ( 0.53-fold increase in
migrated cell number than that in the absence of
SDF-1R (*p < 0.01), demonstrating SDF-1R-tropic mi-
gration of MSCs. It is worth noting that IO MNP-labeled
MSCs showed a 3.44 ( 0.87-fold increase in migrated
cell number over the unlabeled ones. The results
suggest that IO MNP-treated MSCs have significantly
enhanced SDF-1R tropism than the untreated MSCs
(*p < 0.05).

Mechanism of Enhanced CXCR4 Expression of MSCs by Iron-
Based MNPs. Recent studies have shown that activation
of the chemokine receptor CXCR4 by exogenous stim-
ulus in cells is HIF-1R-dependent.19,20 To explore the
mechanism by which IO MNPs induce MSC CXCR4
expression, we first examined HIF-1R expression level
in MSCs after IO MNP labeling. As shown in Supporting
Information Figure S2A, HIF-1R protein level in MSCs
was obviously elevated with the increase of particle
concentration, demonstrating a similar pattern with
CXCR4 expression. To further verify this observation,
we knocked down HIF-1R by transducing MSCs with
HIF-1R shRNA lentivirus, which significantly blocked IO
NP-induced CXCR4 expression (Supporting Informa-
tion Figure S3), illustrating that HIF-1R mediated the
induction of CXCR4 expression by IO NPs. It has been
reported that iron overload regulates the changes of
HIF-1R expression.21 As such, we next sought to eluci-
date whether iron level in cells changes signal trans-
duction. After labeling with IO MNPs, increased iron
content in MSCs was confirmed by inductively coupled
plasma mass spectrometry analysis. In addition, the
level of ferritin protein, an iron storagemarker, was also
significantly improved after treatment (Supporting
Information Figure S2B, *p < 0.05). These results imply
that iron ions were released from particles after cellular
uptake, which in turn enhances HIF-1R and CXCR4
expression (Supporting Information Figure S2C).

To further identify the iron-dependent mechanism,
several other iron-based MNPs, such as Fe3O4/Co/Mn,
FePt, and Zn0.4Fe2.6O4 (Figure 2A), with similar sizes
and the same coating (PEGylation), were chosen to
treat MSCs at the same iron concentration (108 μM).
Consistent with IO MNPs, the other three iron-based
MNPs also significantly induced CXCR4 expression of
MSCs (Figure 2B). Furthermore, the specificity of iron-
based NP-regulated CXCR4 expression was confirmed
by treating MSCs with other nanomaterials, such as

gold NPs, CdSe/ZnS quantum dots (QDs), mesoporous
silica NPs (SiO2 NPs), and single-walled carbon nano-
tubes (SWNTs). No significant effect of these on iron-
containing nanomaterials on CXCR4 expression on
MSCs was observed (Figure 2C,D). These results verify
that the increase of CXCR4 expression is iron-depen-
dent, and that it is a general trend that various iron-
based MNPs improve MSC CXCR4 expression.

Improved Labeling Efficiency and Homing Capacity of MSCs by
Designing an Iron-Based Nanocluster. On the basis of the
new properties of iron-based MNPs, which can induce
CXCR4 expression, we designed an iron-based nano-
cluster (NC) to challenge the current limitations of
tracking MSCs,22 including the suboptimal sensitivity
of nanoprobes, relatively poor cell labeling, and un-
satisfactory stem cell homing efficiency. To address the
sensitivity of nanoprobes, we chose Zn-doped IOMNPs
(Zn0.4Fe2.6O4) because of their much higher saturation
magnetization value than crystalline IO MNPs and
Feridex MNPs.23 Moreover, in our previous report,24

we also found the clustering structure of MNPs has
much higher spin�spin (T2) relaxivity than single
MNPs. To improve the MSC labeling efficiency, we
chose hyaluronic acid (HA)-based polymers to modify
the MNPs to improve the interaction with a specific
cell surface receptor CD44, a critical surface marker of
MSCs.25 Water-soluble HA�Zn0.4Fe2.6O4 nanoformula
was first prepared by mixing surfactant-coated
Zn0.4Fe2.6O4 with hyaluronic acid�cholanic acid
amphiphilic polymer.26 As expected, Figure 3A shows
that the Zn0.4Fe2.6O4 particles were uniform and
monodispersed, which self-assemble into nanoclusters
after HA�CA coating. The hydrodynamic diameter
of HA�Zn0.4Fe2.6O4 NC was about 212.3 ( 5.7 nm,
which is consistent with a previous report of other
HA-based nanoparticles.26 The T2 relaxation times of
as-synthesized HA�Zn0.4Fe2.6O4 NCs and the single
Zn0.4Fe2.6O4 MNPs were measured at a 7 T MRI scanner
with the same concentration and MRI sequence. As
expected, HA�Zn0.4Fe2.6O4 NC showed significantly
stronger r2 relaxivity than the Zn0.4Fe2.6O4 MNPs
(Figure 3B). Next, in order to explore the in vivo T2
sensitivity, the NC was also compared to commercial
Feridex MNPs for liver imaging. As shown in Figure 3C,
after intravenous injection, both HA�Zn0.4Fe2.6O4 NC
and Feridex MNPs showed rapid accumulation in the
liver. The similar uptake of HA�Zn0.4Fe2.6O4 NC and
Feridex MNPs in liver was found, but HA�Zn0.4Fe2.6O4

NC showedmuchbetter liver contrast than FeridexMNPs
byquantitative analysis of 1/T2 valuesofHA�Zn0.4Fe2.6O4

NC and Feridex in liver (Figure 3D).
To assess cellular uptake of HA�Zn0.4Fe2.6O4 NC,

HA-based polymer was conjugated with FITC prior to
the fabrication of NCs. The resulting FITC-labeled
HA�Zn0.4Fe2.6O4 (FITC-NCs) MNPs were incubated
with MSCs for 2 h at an Fe concentration of 108 μM,
and the cell images were then acquired by confocal
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microscopy. As shown in Figure 4A, bright fluorescence
signals of the particles (green) were mainly distributed
in the cytoplasm of MSCs. The intracellular fate of
the NC was further explored by colocalization studies
and transmission electron microscopy (TEM) images
(Supporting Information Figure S4A,B), with the major-
ity of the particles accumulated in the endosomes
and lysosomes. Furthermore, FACS analysis was used
to quantify the signal intensity of the particles taken up
by MSCs. Compared with MSCs without adding NC, a
gradual enhancement in signal was found with in-
creased incubation time, displaying a 23 ( 8-, 51.3 (
12.4-, and 64.3 ( 14.3-fold increase by incubation
for 0.5, 1, and 2 h, respectively (Figure 4B). To further

understand the intracelluar fate of particles, the loca-
lization of particles was studied at 24 h after labeling.
TEM image illustrated that a portion of the particles
escaped from the lysosome and merged into the
cytosol of MSCs (Supporting Information Figure 4C).

Next, we investigated whether HA coating im-
proved cellular uptake of NCs. Cellular uptake of
HA�Zn0.4Fe2.6O4 NC, PEGylated Zn0.4Fe2.6O4 MNPs,
and NC plus free HA polymer to block the target
(HA-block/NC) wasmeasured by Prussian blue staining
(Figure 4C). After incubation with MSCs for 0.5 h,
uptake of NC was observed, whereas no significant
uptake was found for PEGylated Zn0.4Fe2.6O4 MNPs or
HA-block/NC treatment. The NC uptake was obviously

Figure 2. Effect of various NPs on CXCR4 expression. (A) TEM images of various iron-basedMNPs, such as Fe3O4/Co/Mn, FePt,
and Zn0.4Fe2.6O4, with similar sizes and the same coating (PEGylation). (B) After theMSCswere treatedwith various iron-based
MNPs, the CXCR4 expression of cells was analyzed byWestern blotting, which was quantified bymeasuring the band density
and then normalized to GADPH. (C) TEM images of gold NPs, QDs, SiO2, SWCNTs, and IO MNPs. (D) Western blot analysis of
CXCR4expression afterNP treatment. The bar graphspresent the relative values fromat least three independent experiments
(**p < 0.01).
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Figure 3. Nanocluster improves T2 contrast effect. (A) TEM images of discrete Zn0.4Fe2.6O4MNPs and HA�Zn0.4Fe2.6O4 NC. (B)
T2*-weighted phantom images of Zn0.4Fe2.6O4 MNPs and HA�Zn0.4Fe2.6O4 NC at different iron concentrations. (C)
Comparison of 1/T2 (r2) values of MNPs in the liver of mice using MR imaging. After injection of the same dose of MNPs
(0.56 mg/kg iron), liver uptake of MNPs was evaluated by Prussian blue staining. (D) Quantitative analysis of 1/T2 values of
HA�Zn0.4Fe2.6O4 NC and Feridex in liver (n = 3).

Figure 4. Enhanced cellular uptake and CXCR4 expression in HA�Zn0.4Fe2.6O4 NC-labeled MSCs. (A) Confocal images of
HA�Zn0.4Fe2.6O4 NC cellular uptake after 2 h incubation. (B) FACS analysis of HA�Zn0.4Fe2.6O4 NC cellular uptake. The MSCs
were incubatedwith FITC-NC for the indicated time periods. (C) Cellular uptakewas evaluated by Prussian blue staining. (D,E)
T2*-weighted images and quantitative analysis of cellular uptake at the same cell concentration. (F) Western blot analysis of
CXCR4 expression in HA�Zn0.4Fe2.6O4 NC-labeled MSCs.
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increased along with time, showing that the internali-
zation of MNPs was time-dependent. In contrast,
HA-block/NC showed very few blue granules in the
cytoplasm of MSCs after the same incubation time.
Improved cellular uptake after HA coating was also
confirmed by MRI study. Quantitative analysis of the
relaxation time of the same number of cells (1 �
106/mL) showed consistent results with Prussian blue
staining (Figure 4D,E). Collectively, these results indi-
cate that the increased labeling efficiency of the NC is
specifically mediated by HA�CD44 binding.

In addition, we determined whether the HA�
Zn0.4Fe2.6O4 NC increased CXCR4 expression. TheMSCs
were treatedwith different concentrations of NC for 2 h
and further cultured for an additional 22 h by replacing
the medium. After cell collection, CXCR4 protein ex-
pression was analyzed by Western blot. As expected,
the CXCR4 level in MSCs was enhanced with the
increasing iron concentration (Figure 4F), which

corroborates the results of other iron-based MNPs.
On the basis of the induction of CXCR4 by the NC, we
next tested whether NC labeling could improve the
migration capacity of MSCs. In accordance with the IO
MNP-labeledMSCs, transwell assay results showed that
more HA�Zn0.4Fe2.6O4 NC-labeled MSCs migrated to
the lower membrane than unlabeled MSCs in the pres-
ence of SDF-1R (Supporting Information Figure S5,
*p < 0.05). These results imply that the HA�
Zn0.4Fe2.6O4 NC formula might overcome the limita-
tions of tracking targeted delivery of stem cells.

Cytotoxicity of Nanoclusters on MSCs. To understand the
cytotoxicity of HA�Zn0.4Fe2.6O4 NC labeling on the
properties of MSCs, cell viability was evaluated using
the standard 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl
tetrazolium bromide (MTT) assay, and the results de-
monstrated no obvious change in cell proliferation
after labeling (Figure 5A and Supporting Information
Figure S6). We next imaged luciferase expression of

Figure 5. Effects of HA�Zn0.4Fe2.6O4 NC on MSC properties. (A,B) In vitro cytotoxicity was investigated by (A) MTT assay and
(B) firefly luciferase (Fluc) bioluminescence imaging after 48 h treatment with different concentrations of particles. (C)
Luciferase activity of unlabeled and labeled MSC-Fluc was acquired and (D) analyzed by a Xenogen IVIS100 imaging system.
TheMSC-Fluc cells were untreated and treatedwithHA�Zn0.4Fe2.6O4 NC for 2 h, and subsequently, 5� 104 cells were injected
into brain parenchyma in a traumatic brain injury model. (E) FACS analyses of the surface markers of labeled and unlabeled
MSCs after 24 h treatment.
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MSCs to confirm the non-cytotoxicity of particles. The
MSCs expressing firefly luciferase (MSC-Fluc) were
isolated from the luciferase transgenic mice following
the same procedure as MSC isolation. The MSC-Fluc
cells were treated with different concentrations of
HA�Zn0.4Fe2.6O4 NC formula for 48 h, and subse-
quently, the bioluminescence images were acquired.
Quantitative analysis of luciferase expression showed
negligible effect of particle labeling on cell prolifera-
tion after NC labeling (Figure 5B). To further test the
effect of NC on MSC activity, we transplanted 5 � 104

MSC-Fluc cells in a mouse traumatic brain injury model
by intraparenchymal injection. The luciferase activities
of unlabeled and labeled MSCs were acquired and
analyzedby bioluminescence imaging at different time
points after cell injection; again no difference in viabi-
lity was found between the NC-labeled and unlabeled
MSCs (Figure 5C,D).

In light of the increased CXCR4 expression on the
MSC membrane surface after NC labeling, we next
studied whether the cell surface markers of MSCs were
also affected. MSCs were treated with NC for 2 h, after
which cells were continued to culture for 22 h. Pheno-
typic analyses of surface markers of both NC-labeled
and unlabeled MSCs showed positive staining for
CD29, CD44, CD73, CD105, and Sca-1 and negative
staining for CD45 and CD11b (Figure 5E). Moreover,
long-termeffect of NC labeling onMSC surfacemarkers
was performed by further culturing MSCs for 10 days.
Similar surface marker staining pattern was observed

as shown in Supporting Information Figure S7. These
results further confirm no obvious effect of NC on the
properties of MSCs after labeling.

In Vivo MRI-Guided Therapy in a Traumatic Brain Injury
Model. Traumatic brain injury model that highly se-
cretes chemokine SDF-1R is a representative exogen-
ous brain disease in patients.27 Despite considerable
advances in therapy, the cure of TBI remains a chal-
lenge due to several complicating factors, such as
blood-brain barrier, drug resistance, and limited self-
renewal capacity of the brain. MSCs have been shown
to migrate toward TBI in vivo.28 Direct targeting of TBI
by engineered MSCs could be a promising therapeutic
approach. To verify whether NC-labeled MSCs can
improve migration capacity of MSCs toward TBI, we
first assessed the targeted delivery of MSC-NC cells by
MRI. MR images of mouse brains with TBI (Figure 6A)
were performed pre- and postinjection of 1 � 106 NC-
labeled MSCs (n = 4/group). T2* signal at the region of
TBI was increased over time after MSC�NC injection,
and well-defined hypo-intensities (black) at the injury
site were observed at 24 h postinjection. Region of
interest analysis showed substantial decrease in gray
values for TBI at 24 and 48 h time points than that of
preinjection (Figure 6B). The migration capacity of
NC-labeled MSCs toward TBI was also approved
by Prussian blue staining (Supporting Information
Figure S8). In addition, the improved homing capacity
of MSC-NC was confirmed by finding more NC-labeled
MSC-Fluc than unlabeled MSC-Fluc in the TBI region

Figure 6. In vivo imaging of targeted delivery of MSCs to TBI site after intravenous injection. (A) In vivo MR images of the
delivery of HA�Zn0.4Fe2.6O4 NC-labeled MSCs to the injury site (arrow). MSCs (1 � 106) were incubated with and without
particles for 2 h, then collected and injected intravenously to TBI mice. MR images were acquired on a 7 T small animal MRI
scanner. (B) Region of interest analysis of the TBI site pre- and postinjection of delivery of NC-labeled MSCs. (C) Immuno-
fluorescence staining of frozen brain tissue slices for Fluc at 48 h after intravenous injection of 1 � 106 MSC-Fluc cells.
Representative images of MSC-Fluc and MSC-Fluc-NC in injury sites. (D) Quantitative analysis of Fluc-positive MSCs by
randomly selected fields in (C) (*p < 0.05).
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(Figure 6C, *p < 0.05) via immuno-histostaining of
frozen slices at 48 h after intravenous injection of the
cells. Furthermore, we showed more tumor homing of
NC-labeled MSCs than the unlabeled MSCs in an ortho-
topic U87MG glioblastomamodel (Supporting Informa-
tion Figure S9), suggesting the potential use of the NC
formula in other disease types including cancer.

In view of the substantial homing effect of MSC-NC
observed, we next set to explore whether the injec-
tion of MSCs could improve TBI recovery. As shown in
Figure 7A,B, compared with TBI alone, MSC-treated
mice sacrificed at day 10 demonstrated less scarring
and decreased contusion volume upon post-mortem
examination of brain tissues. It is worth noting that
hematoxylin and eosin (H&E) staining of tissue slides
revealed significantly enhanced gliosis and increased
cellular density with MSC-NC compared with MSC
alone treatment following TBI (*p < 0.05).

DISCUSSION

Acute TBI breaks the impermeability of blood-brain
barrier, which triggers immune response and release of
inflammatory cytokines.29 Despite the multipotency
and self-renewing characteristics of MSCs, it is still a

subject of debate whether the regenerative potential
of TBI tissue exerted by these cells is due to trans-
differentiation and substitution of dead cells or the
secretion of a soluble factor which stimulates local
progenitor cells to survive, proliferate, and differ-
entiate.30,31 Accumulating evidence suggests that the
efficiency of MSCs homing to injured tissues is an
important parameter influencing the outcome of
MSC therapy by immunoregulating the local environ-
ment of injury sites.32 Although the precise molecular
mechanisms by which MSCs migrate and home into
sites of injury have not yet been fully understood, high
expression of CXCR4 on MSCs using genetic modifica-
tion, specific cytokines, or hypoxic preconditioning can
promote MSCs to home to damaged tissues following
systemic administration.
This study represents the first evidence that iron-

based MNPs can actively increase the expression of
chemokine receptor CXCR4 in bone-marrow-derived
MSCs without the need for genetic modification and
result in improved homing of MSCs to the injury sites
and tumor. The new property that MNPs enhance
CXCR4 expression of stem cells undoubtedly expands
the current bioapplications of MNPs beyond conven-
tional DNA, protein and cell separation, magnetic
biosensors, MRI, tissue engineering, and hyperthermia,
etc. Unlike the complex process and potential safety
concerns of genetic modification, this simple method
was implemented by various iron-based MNPs with
different iron states (Figure 2). In fact, iron is vital for
almost all organisms.33 It serves as a cofactor for many
proteins and enzymes necessary for oxygen and en-
ergy metabolism, as well as for several other essential
processes. Regulation of iron uptake, storage, intracel-
lular trafficking, and utilization is involved in the cel-
lular iron metabolism process.34 Most cells in the body
acquire iron from transferrin (Tf). Iron loaded in Tf
binds to Tf receptors on the cell membrane and
subsequently enters endosomes via a clathrin-depen-
dent endocytosis mechanism. Similarly, IO MNPs are
degraded by endosome to release iron ions after
cellular uptake (Supporting Information Figures S4
and S10) and further regulate molecular expression
in MSCs. Previous studies demonstrated that SDF-1R
and CXCR4 are expressed in complementary patterns35

which guide primordial stem cells to sites of rapid
vascular expansion. Induction of SDF-1R/CXCR4 ex-
pression via HIF-1R can directly guide regenerative
progenitor cells to areas of injury.36,37 In this study, we
also found increased CXCR4 after iron-based MNP
labeling was regulated by HIF-1R. Furthermore, CXCR4
expression by IO MNPs can be induced in a time- and
concentration-dependent manner. These results imply
that CXCR4 regulation might be a complex process
involving varied mechanisms in different cellular en-
vironments. The detailed mechanism will be further
explored in future studies.

Figure 7. MSCs improve TBI repair. (A) Injury recovery
(dashed line box) of brain tissues was observed by H&E
staining after tail vein injection of 1 � 106 unlabeled and
NC-labeled MSCs. The whole hemispheric tissue was shown
in the middle lane, and the injury site was enlarged in the
right lane. (B) Injured area was quantified in brain tissues of
mice treated with unlabeled and labeled MSCs and com-
pared with TBI alone (*p < 0.05, **p < 0.01).
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The ability to track stem cells noninvasively in vivo is
of critical importance to follow the homing ability of
stem cells and to monitor the therapeutic efficacy of
stem cells after systemic delivery. The current stem-
cell-tracking methods are challenged by limited sensi-
tivity, low cell labeling efficiency, and poor stem cell
homing efficiency. To address these, we designed iron-
based NCs by combining the superiority of zinc-doped
IO (Zn0.4Fe2.6O4) MNPs and the new findings that
chemokine receptor CXCR4 expression was increased
after IO MNP labeling. Our design of HA�Zn0.4Fe2.6O4

NC has several advantages. First, previous reports have
shown that zinc-doped iron oxide MNPs have superior
T2 MR imaging contrast effect than those of undoped
Fe3O4 and Feridex.23,38 Second, HA coating is intro-
duced to improve the interaction with a specific cell
surface receptor CD44, a critical surface marker of
MSCs.39 Iron content in the Zn0.4Fe2.6O4 increases
CXCR4 expression in MSCs, which is used to enhance
the homing of MSCs to the target site. As expected,
T2-weighted contrast effect of HA�Zn0.4Fe2.6O4 NC is
not only better than undoped Fe3O4 and Feridex but
also Zn0.4Fe2.6O4 (Figure 3). One possible reason is that
the r2 value of MNPs is strongly related to interparticle
distance.24,40 The clustering of Zn0.4Fe2.6O4 MNPs in

the HA�CA nanoparticle leads to much higher spin�
spin (T2) relaxation times than single MNPs. Fur-
thermore, specific binding of HA to CD44 overex-
pressed on the surface of MSCs leads to highly effec-
tive cellular uptake of the HA�Zn0.4Fe2.6O4 NC. More
importantly, MSCs can be induced to express high
level of the chemokine receptor CXCR4 in the presence
of NC for improved TBI tropism and therapeutic
effect, suggesting the potential application of this
new finding.

CONCLUSIONS

In this work, we demonstrate for the first time that
iron-basedMNPs not only can label MSCs and track the
fate of cells byMRI but alsomediateMSChoming to the
target site. This MR imaging-guided targeted delivery
of magnetic nanoparticle-labeled stem cell approach
opens up a wide range of new applications in re-
generative medicine and oncological research and
provides a new insight into the interface between
nanotechnology and medicine. The findings that iron
intake by mesenchymal stem cells from the carefully
designed zinc-doped IO MNPs may be rapidly transla-
table into the clinic to improve cell therapy efficacy
without genetic modifications.

METHODS

Preparation of Mouse MSCs and MSC-Fluc. Isolation and culture of
MSCs and MSC-Fluc were performed by following our pre-
viously reported procedures.41,42 Briefly, balb/c mice and FVB
mice transfected luciferase were sacrificed by cervical disloca-
tion. The marrow was harvested by inserting a syringe needle
(27-gauge) into one end of the bone and flushing with PBS. The
bone marrow cells were filtered through a 70 mm nylon mesh
filter. After collection by centrifugation at 2000 rpm, cells were
dispersed intoMesenCult MSC basal medium (Mouse) (STEMCELL
Technology), a standardized basal medium for the in vitro culture
ofmouseMSCs orMSC-Fluc. Then, cells were cultured at 37 �C in a
humidified atmosphere containing 95% air and 5% CO2. The
adhered cells were split when they reached 80�90% confluence.
TheMSC surfacemarker expression profilewas confirmedby FACS
prior to the use of MSCs and MSC-Fluc.

CXCR4 Expression of MSCs. The MSCs were treated without
and with the indicated concentration of particles for 2 h and,
subsequently, washed twice by PBS. Fresh medium was added
and cultured for different time points. After collection of cells,
CXCR4 expression ofMSCswas performed by FACS andWestern
blot.

To analyze CXCR4 expression in different subcellular protein
fractions, MSCs were incubated without or with IO MNPs
(108 μM) for 2 h. The cells were cultured for 22 h followingmedium
being replaced. After collection of cells, the proteins expressed in
cytoplasm,membranemandnucleuswere stepwise separated by a
subcellular protein fractionation kit (Thermo Scientific).

HIF-1r Knockdown. The following plasmids were used: non-
specific or mouse HIF-1R shRNA for gene knockdown (Open
Biosystems). Lentiviruses for knockdown were prepared using
the respective plasmids according to manufacturer's protocol
(Sigma-Aldrich). Cells were incubated with virus (MOI ∼ 1) for
24 h followedbyNP treatment.Western blottingwas performed
for detecting expression of HIF-1R.

Preparation of Various NPs and Zn0.4Fe2.6O4�HA Nanoclusters. Iron
oxide Fe3O4 (IO),43 Fe3O4/Co/Mn,44 FePt45 and Zn0.4Fe2.6O4

46

MNPs, SiO2 NPs,
47 and SWNTs48 were synthesized based on the

previous reports. PEGylated iron-based MNPs were prepared
following a previous procedure.43 Gold NPs and CdSe/ZnS QDs
were obtained from Nanocs Inc. and Ocean NanoTech, LLC,
respectively.

To obtain water-soluble HA�Zn0.4Fe2.6O4 nanoclusters, HA-
based polymer was first synthesized by following a previously
reported procedure.49 Then, 3 mg of HA-based polymer or
HA�FITC-based polymer was solubilized into 1.5 mL of distilled
water, and subsequently, 0.3 mL (5.2 mg/mL) of Zn0.4Fe2.6O4

MNPs in toluene was added. The solutions were dispersed via
probe sonication using a VCX-750 ultrasonic processor (Sonics &
Materials, Newtown, CT). The probe was driven at 80% of the
instruments' maximum amplitude in an ice bath. The particles
were well-dispersed in solution around 5 min sonication. After
sonication, the solution was heated to 50 �C in an opened vial
for overnight. The particles were redispersed into 1 mL of
distilled water and then purified by a high strength magnet.
Finally, the NC was separated by a disposable PD-10 desalting
column (GE Healthcare). The NC was observed by transmission
electron microscopy. The iron concentration was quantified by
an inductively coupled plasma mass spectrometry.

Cellular Uptake of NCs. MSCs were plated 24 h before the start
of the experiment in chamber slides at a density of 5� 103 cell/
cm2. The cells were incubated with 10 μg/mL NCs and PEGy-
lated Zn0.4Fe2.6O4 for the indicated time periods. For the
fluorescence imaging of NCs, the cells were incubated with
10 μg/mL NCs and then the cells were fixed with Z-fix solution
(Anatech, Battle Creek, MI) for 15 min. The cells were incubated
with 0.1% Triton X-100 in PBS at room temperature for 5 min
and subsequently incubated with Alexa Fluor 568 phalloidin
(Invitrogen) for staining F-actin for 20 min, followed by 1.5 μg/mL
DAPI staining at room temperature. The slides were observed, and
the images were acquired with an Olympus confocal microscope
(Olympus FV10i).

To demonstrate HA-dependent cellular uptake of particles,
the control experiment was also performed by adding
10-fold excess of HA-based polymer prior to incubation with
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NCs. After the cellswerewashed three timeswith PBS buffer, the
cells were stained with Prussian blue solution containing
20% (v/v) hydrochloric acid and 10% (v/v) potassium ferro-
cyanide solution or MRI phantom observation.

In Vitro Chemotaxis Assay. Cell chemotaxis assay was per-
formed using a modified protocol from the manufacturer
(12 mm pore size, Corning Incorporated). After incubation with
and without particles for 2 h, MSCs were trypsinized and
resuspended in the medium. The cells were plated in the upper
chambers at the density of 1� 104 cell/well. The lower chamber
containing nonserum medium was added without and with
0.1 μg/mL SDF-1R. After incubation at 37 �C overnight, cells
remaining at the upper surface of themembranewere removed
using a swab, whereas the cells that migrated to the lower
membrane surface were fixed with Z-fix solution and stained
with 2% crystal violet. The number of cells migrating through
the filter was counted and plotted as the number of migrating
cells per optic field (�10).

Orthotopic Glioblastoma Model and Traumatic Brain Injury Model.
The procedures for developing an orthotopic glioblastoma
model and TBI model were performed according to a protocol
approved by the National Institutes of Health Clinical Center
Animal Care and Use Committee (NIH CC/ACUC). For the
orthotopic glioblastoma model, briefly, male athymic nude
mice (4�6 weeks) were injected intracranially with 1 � 105

U87MG cells in the right frontal lobe at coordinates 1.5 mm
lateral from the bregma, 0.5 mm anterior, and 2.5 mm intra-
parenchymal. Tumor cells were allowed to engraft for 3 weeks.
Successful tumor model was confirmed by MRI prior to the
injection of MSCs.

TBI model was induced in male balb/c mice (6�8 weeks) by
a controlled cortical impact model (CCI). Briefly, mice were
anesthetized by isoflurane (3% for induction and 1.5% for
maintenance) and then placed in a stereotaxic device. After
drilling a hole (4 mm � 4 mm) on the right area of the skull, an
impact tip with a diameter of 2 mm was used to contuse the
brain tissue. The tip penetration depth was 1.5 mm and velocity
was 5m/s. A warming padwas used to keep body temperatures
around 37 �C during the surgery. Intraparenchymal injection of
MSCs was performed 24 h after TBI. Briefly, mice were placed in
a stereotaxic device, and a small hole (0.2 mm) was drilled on
the left area of skull (1.0mmcaudal to the bregma and�1.3mm
lateral to the midline at a depth of 3.0 mm). Then 5� 104 MSCs
in 6 μL of PBS were injected carefully into brain parenchyma
with a Hamilton syringe within 10 min.

In Vivo Imaging. The luciferase activity of MSC-Fluc was
visualized and quantified by a Xenogen IVIS-100 system
(Caliper Life Sciences, Hopkinton, MA, USA). In brief, mice were
anesthetized with 2% isoflurane in O2 and received i.p. injection
of D-luciferin solution in PBS at a dose of 150 mg/kg. Serial
images were acquired between 5 and 20 min after D-luciferin
administration, and the bioluminescence signal intensity was
quantified.

VMRI studies were conducted in a 7 T horizontal bore small
animal MRI scanner (Bruker Biospin). All mice were anesthetized
with 1�2% isoflurane mixed with pure oxygen via a nose cone
and were placed in a stretched supine position with a respira-
tory sensor. Axial and coronal two-dimensional (2D) fast spin�
echo sequence images were first acquired to ensure the
imaging position of the implanted tumor. The following param-
eters were adopted in data acquisition: (1) T1-weighted multi-
slice gradient-echo images: TR/TE = 250/4.5 ms, matrix = 256�
256, FA = 30, 9 contiguous slices; (2) T2-weighted multislice
spin�echo images: TR/TE = 2000/48 ms, matrix = 256 � 256, 9
contiguous slices; (3) T2*-weighted images: TR/TE = 1500/4 ms,
matrix = 256� 256, FA = 30, 9 contiguous slices; (4) T2-map: TR =
2000/48 ms, matrix = 256 � 256, 1 slice, T2 relaxation measure-
ments with TE of 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120,
130, 140, 150, and 160 ms. For each data set, one slice with
comparable locations within the tumor was selected to deter-
mine signal intensities. Signal intensities were measured in
defined regions of interest with ImageJ (National Institutes of
Health).

The 3�7 generations of MSCs were prepared for mouse
imaging after particle labeling. Briefly, MSCs were incubated

with particles (108μM) for 2 h. After the cells werewashed twice,
MSCs were trypsinized and resuspended in the PBS. Mice were
anesthetized with isoflurane, and subsequently, 1 � 106 MSCs
were injected by tail vein injection at a speed of 0.1mL/min. The
mice were imaged by MRI at the indicated time points.

Frozen glioblastoma and TBI tissue slices (5 μm) were fixed
with cold acetone for 20 min and dried in the air for 30 min at
room temperature. After blocking with 1% BSA for 30 min, the
sections were incubated with anti-luciferase primary antibody
(Abcam) for 2 h at room temperature and then visualized with
Alexa Fluor 488-conjugated secondary antibodies (1:200). After
being washed with PBS, the whole slides were mounted with
DAPI-containingmountingmedium. Fluorescence images were
acquired with an epifluorescence microscope (Olympus, X81).

Data and Statistical Analysis. All graphs were constructed and
statistical analysis performed using Graphpad Prism software
v.5.00 (GraphPad Software). A one-way ANOVA with a posthoc
Tukey test was used to identify significant differences among
treatment groups. Significance was set at p < 0.05 unless
otherwise stated.
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