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T
umor-targeted delivery is a great
challenge for nanoparticulate drug
delivery systems.1�7 First, most sys-

temically administered nanoparticles circu-
lating along the bloodstream would be
rapidly sequestered by the reticuloendothe-
lial system (RES) even with the assistance of
tumor-associated enhanced permeation
and retention (EPR) effect8,9 and conjugat-
ing with targeting moieties.10�12 Only a
little fraction of nanoparticles could finally
accumulate in tumor tissues and specifically
effect tumor cells, which would be insuffi-
cient to exert optimal therapeutic effect.13,14

Another limitation impeding targeting effi-
cacy is the stringent vascular endothelial cell
barrier and particular solid tumor structure
with hypoxic areas, elevated intratumoral
interstitial fluid pressure, and dense extra-
cellular matrix.1,15�17 It results in confined
drug penetration and distribution and lim-
ited effectiveness. Overcoming these critical
physiological barriers imposed by the sys-
tematic defense systemandabnormal tumor
structure for high tumor targeting efficiency
and homogeneous intratumoral drug distri-
bution is of great significance for experimen-
tal and clinical tumor therapy.
In the past decade, human stem cells,

especially neural stem cells (NSCs)18,19 and
mesenchymal stem cells (MSCs),20�22 have
been gene-engineered to track down and
destroy malignant cells taking advantage of
their tumor-tropic property. Clinical trials
using gene-engineered NSCs to treat recur-
rent high-grade gliomas have been ap-
proved in the United States.23 Attaching
nanoparticles to the tumoritropic stem cells
is hypothesized to be a promising strategy

for actively directing the drug-loaded nano-
particles into tumor.24 Recently, on the basis
of this hypothesis, significant progress has
beenmade by several groups in developing
methods to upload nanoparticles to MSCs.
Cheng et al.25 designed NeutrAvidin-coated
nanoparticles termed as “nanoparticulate
patches” on MSCs by biotinylating the plas-
ma membrane. Roger et al.26 discovered
that MSCs could internalize polylactic acid
nanoparticles (PLA-NPs) and lipid nanocap-
sules (LNCs) andmigrate toward the glioma.
Other cell types, including T cell and macro-
phage, were also used as cell chaperones for
targeted delivery of nanoparticles.27�30 How-
ever, up to now, there have no reports about
anchoring therapeutic drug-loaded nanopar-
ticles with MSCs for tumor therapy. How to
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ABSTRACT Low targeting efficiency is one of the biggest limitations for nanoparticulate drug

delivery system-based cancer therapy. In this study, an efficient approach for tumor-targeted drug

delivery was developed with mesenchymal stem cells as the targeting vehicle and a silica nanorattle

as the drug carrier. A silica nanorattle�doxorubicin drug delivery system was efficiently anchored to

mesenchymal stem cells (MSCs) by specific antibody�antigen recognitions at the cytomembrane

interface without any cell preconditioning. Up to 1500 nanoparticles were uploaded to each MSC cell

with high cell viability and tumor-tropic ability. The intracellular retention time of the silica

nanorattle was no less than 48 h, which is sufficient for cell-directed tumor-tropic delivery. In vivo

experiments proved that the burdened MSCs can track down the U251 glioma tumor cells more

efficiently and deliver doxorubicin with wider distribution and longer retention lifetime in tumor

tissues compared with free DOX and silica nanorattle-encapsulated DOX. The increased and

prolonged DOX intratumoral distribution further contributed to significantly enhanced tumor-cell

apoptosis. This strategy has potential to be developed as a robust and generalizable method for

targeted tumor therapy with high efficiency and low systematic toxicity.

KEYWORDS: silica . mesenchymal stem cell . targeting . tumor-tropic therapy .
doxorubicin
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anchor sufficient therapeutic drug-loaded nanoparti-
cles but with minimum interference of the tumoritro-
pic nature and normal function of MSCs is still a
challenge. It is also the most important prerequisite
condition for achieving cell-based tumor therapy.
In this study, we first uploaded a doxorubicin�silica

nanorattle (SN) drug delivery system (SN-DOX) toMSCs
as a “time bomb” for tumor-tropic therapy. SN was
used as nanoparticulate drug carriers for their well-
defined mesoporous and hollow structure, good com-
patibility, extraodinarily high drug loading, and sus-
tained drug release properties.31�34 To upload suffi-
cient drug-loaded nanoparticles to MSCs, SN was
bioconjugated with a monoclonal antibody for speci-
fically binding with the MSCs' membrane proteins
CD73 and CD90. The uploading of SN-DOX to MSCs
had no significant adverse effect on cell proliferation
and tropic ability toward U251 human glioma cells. The
obtained time bomb of MSC-SN-DOX was able to
migrate toward the glioma xenograft, showed more
extensive and prolonged drug accumulation in tumor
tissues, and further actually increased tumor-cell apop-
tosis compared with free drug and the drug-loaded
silica nanorattle. With extraordinarily high cargo capa-
city of the silica nanorattle, vigorous tumor-tropic
ability of MSCs, and specific nanoparticle�cell associa-
tion, this strategy prospectively provides an attractive
foreground for using MSC-anchored nanoparticulate
drug delivery systems for targeted tumor therapy with
high efficiency.

RESULTS AND DISCUSSION

In our previous study, we synthesized a silica nanor-
attle using a facile and scalable selective etching
strategy.31 SN represents a new class of mesoporous
silica nanomaterials with a functional core and hollow
and mesoporous structure. Attributed to the special
structure and good biocompatibility of the silica
nanorattle, it was successfully employed as an efficient
anticancer drug docetaxel delivery system for cancer
therapy.32�34 SN showed superior performance for

increasing the therapeutic efficacy and decreasing
the systematic toxicity of the cytotoxic drug. The
strategy designed in this work, associating a drug�
silica nanorattle delivery system with tumor-tropic
MSCs, is schemed in Figure 1. MSC cells, derived from
human bonemarrow, express specific surface antigens
including CD90, CD73, CD105, and CD44 etc.35 These
antigens can be used as an anchor to moor the nano-
particles. The silica nanorattle synthesized in our lab
has abundant primary amino groups on its particle
surface once synthesized. The amino group was car-
boxylated with glutaric anhydride and then bioconju-
gated with monoclonal CD73 or CD90 antibody. The
antibody-bioconjugated silica nanorattles (SN-Ab) can
be specifically uploaded to theMSC cells by antibody�
antigen recognitions or a cellular endocytosis process.
The laden MSC cells as a time bomb could actively
discover and migrate toward solid tumor foci, includ-
ing the hypoxia region,36 and release the loaded drug
to kill the tumor cells. Not only carcinoma in situ

but also metastatic tumors and satellite lessions and
even single metastatic tumor cells show promise
of being tracked down by the MSC-mediated drug
delivery system with the powerful tropic ability of
MSCs.18

Characterization of Antibody-Bioconjugated Silica Nanorat-
tles. SN with a hollow structure and a movable core
had an average size of 110 nm determined by TEM
(Figure 2A). The hydrodynamic diameter (HD) of the SN
determined by dynamic light scattering (DLS) was
125.6 nm. It had a positive ζ-potential of about
þ35 mV. FITC (fluorescein isothiocyanate)-doped silica
nanorattle, which has almost identical size and surface
propertieswith SN,33was alsoprepared formonitoring the
nanoparticle. SN was modified with glutaric anhydride to

Figure 1. Scheme of silica nanorattle�doxorubicin-an-
chored mesenchymal stem cells for tumor-tropic therapy.

Figure 2. TEM images and size distributions by dynamic
light scattering of (A) silica nanorattle and (B) CD90 anti-
body-bioconjugated silica nanorattle.
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provide surface carboxyl groups. Carboxylated SN was
reacted with the amino group of CD73 or CD90 antibody
in thepresenceofN-hydroxysulfosuccinimide and1-ethyl-
3-[3-dimethylaminopropyl]carbodiimide hydrochloride
(EDC/Sulfo-NHS). After each step of modification, the
hydrodynamic diameter and surface charge of the silica
nanorattle were characterized, proving the successful sur-
face modification and bioconjugation (Table S1 in Sup-
porting Information). The carboxylated SN showed a
negative surface charge of about �20 mV, and the
hydrodynamic diameter increased to 130.1 nm. After
bioconjugation with CD90 antibody (SN-Ab(CD90)), the
hydrodynamic diameter of the nanoparticle further in-
creased to 152.9 nm and the ζ-potential was nearly
neutral. Therewas noobviousmorphological change after
CD90 antibody bioconjugation (Figure 2B). The antibody-
bioconjugated nanoparticle maintained a rather narrow
size distribution (Table S1). Similar results were observed
with CD73 antibody bioconjugation.

Doxorubicin was loaded on the silica nanorat-
tle with an extraordinarily high loading amount of
18.2%. The doxorubicin showed a pH-sensitive and
sustained drug release from the silica nanorattle up to
3 days, with a more rapid drug release rate at pH 4
(close to pH in lysosomes) than at pH 7.4 (pH of blood
plasma) (Figure S2). In the initial 1 h, the drug released
about 13 and 8% at pH 4 and pH 7.4, respectively. At
88 h, the drug release amount reached 50% at pH 4 but
only 11% at pH 7.4. The pH-sensitive drug release
profile is consistent with previous reports about DOX
release from mesoporous silica nanomaterials,37,38

which can be attributed to the altered interaction force
strength between the silica nanoparticles and drug

molecules under different pH values. The high drug
loading amount is beneficial for increasing the drug
concentration delivered to cancer cells and decreasing
the burden of MSCs as nanoparticle vehicles. The pH-
sensitive and sustained drug release behaviors are
favorable for drug release from nanoparticles into the
cytoplasm of cancer cells following endocytosis.

Cellular Interaction and Retention. The MSCs were in-
cubated with SN and SN-Ab(CD90) to compare the
cell�nanoparticle interaction with and without anti-
body conjugation. After 1 or 4 h incubation, 100 μg/mL
SN was internalized by MSCs (Figure 3A,B, green
fluorescence). The cell association was highly in-
creased for SN-Ab(CD90) of equal concentration
(Figure 3C,D), demonstrating that antibody bioconju-
gation can enhance the association amount of nano-
particles with cells. The result was further quantita-
tively confirmed by inductively coupled plasma-optical
emission spectrometer (ICP-OES) analysis of silicon
content in cells. Incubation of 100 μg/mL SN and SN-
Ab(CD90) with cells for 1 h can upload 0.92 and 4.48%
(calculated to be 1500 nanoparticles per cell) of added
nanoparticles to the cells, respectively (Figure 3E).
When the concentration was increased to 1 mg/mL,
the uploading amount of SN had no detectable in-
crease (0.41%), whereas the uploaded amount for SN-
Ab(CD90) was distinctly increase (22%). We speculate
that the cellular internalization has been saturated
under 100 μg/mL SN. As for the SN-Ab(CD90), the
nanoparticle could be more efficiently associated with
cells via the surface antigen�antibody interaction be-
side the route of nonspecific cellular uptake, which
would be substantially augmented with increasing

Figure 3. Association of silica nanorattle and CD90 bioconjugated silica nanorattle with MSC cells: (A) 100 μg/mL SN for 1 h,
(B) 100 μg/mL SN for 4 h, (C) 100 μg/mL SN-Ab(CD90) for 1 h, (D) 100 μg/mL SN-Ab(CD90) for 4 h. Blue fluorescence shows
nuclear staining with DAPI; green fluorescence shows the location of nanoparticles. (E) Nanoparticles with different
concentrations were incubatedwith cells for 1 h, and (F) 100 μg/mL nanoparticles were incubated with cells for 1 and 4 h and
then the unassociated nanoparticles were washed off for ICP-OES analysis.
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nanoparticle concentration. Similarly, increasing the
incubation time had no obvious influence on cellular
association of SN, but detectable increased association
was observed for SN-Ab(CD90) (Figure 3F). After extra-
cellular trypan blue quenching of fluorescence, MSCs
had slight decreased fluorescent intensity for both SN
and SN-Ab(CD90) interaction (data not shown),39 de-
monstrating that the bare and CD90 antibody-biocon-
jugated nanoparticles could be presented on the cell
surface and also be internalized into cells.

Previously, Stephan et al. linked lipid nanoparticles
with T cells via the surface thiols of cells.28 Cheng et al.

biotinylated cellular membranes of MSCs for avidin
bioconjugation with polystyrene nanoparticles.25 In
these strategies, advanced chemical modifications of
the cell or covalent bond forming with cells are
needed, which potentially damage native cell func-
tions. For example, Stephan reported that more than
100 nanoparticles per cell would inhibit T cell
proliferation.28 Our strategy uploads nanoparticles
using the noncovalent bond between specific antibo-
dy�antigen recognition, which does not require any
cell preconditioning or chemical modification, ensur-
ing minimal damage to the cells. This strategy also
shows advantage of associating as many nanoparticles
to cells with high efficiency.

As reported, the stem cells need about 2�4 days to
migrate toward and spread through the tumor
tissues.18 The association persistence between nano-
particles and MSCs is of particular importance during
the time course of cell homing, ensuring the encapsu-
lated drug is delivered to the tumor sites. After the SN
or SN-Ab(CD73) was incubated with MSCs for 1 h, the
unbounded nanoparticles were washed off and the
cells were cultured for different additional times (6, 24,
and 48 h) to detect the nanoparticle retention. After 1 h
association, the MSCs had observable green fluores-
cence for SN (Figure S3A in Supporting Information).
After the unbound nanoparticles were washed off and
the cells were cultured for an additional 6 h, the
fluorescent intensity became weaker (Figure S3B).
After an additional 24 h (Figure S3C) and 48 h (Figure
S3D), the fluorescent signaling was almost undetect-
able. This may be attributed to the cellular exocytosis
excreting thenanoparticles out of the cells.40 For the SN-
Ab(CD90), the cells showed very strong fluorescence for
an additional 6, 24, and 48 h after washing off the
unbound nanoparticles (Figure 4). The cells cultured
with SN-Ab(CD73) also showed prolonged retention of
nanoparticles (Figure S4). With cellular retention time
long enough, the loaded drug�nanoparticles could be
shipped to the entire tumor tissue to kill the tumor cells.
Further study needs to be carried out to confirm the
stability of the cell�nanoparticle bomb in vivo, where
the nanoparticle may be detached passively fromMSCs
due to shear forces, cell�cell, and cell�substrate inter-
actions in the tissue stroma. Given this possibility, it

should anchor a drug delivery system as much as
possible to MSCs without compromising key cellular
function.

Anchoring SN-DOX to MSC with Negligible Toxicity. As
mentioned above, the viability and migration ability
of MSCs is vitally important for cell-based tropic cancer
therapy. Avoiding cellular damage from the nanopar-
ticle-released drug is the key point for successful
delivery. After examining cytotoxicity of several che-
motherapeutic drugs on MSC at 24 h (Figure S5), we
surprisingly found that doxorubicin has negligible
adverse effect on MSC viability. The cell viability is
higher than 90% even at a high DOX concentration of
16 μg/mL (Figure S5A) by MTT (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide) assays. We
further detected the effect of SN-DOX and SN-Ab-
(CD90)-DOX on cell viability to examine whether the
drug-related cell viability would be changed. The
results showed that free drugs (DOX), nanoparticle-
encapsulated drugs (SN-DOX), and antibody-bioconju-
gated nanoparticles (SN-Ab(CD90)-DOX) all had rela-
tively mild adverse effect on cell viability (Figure 5A).
The cell viability is higher than 85% at all detected
doxorubicin concentrations. We also analyzed the cell
cycle and cell apoptosis by propidium iodide (PI)
staining. Compared with negative control cells, the
cells treated with 25 μg/mL DOX and SN-Ab(CD90)-
DOX showed unobvious cell apoptosis (Figure 5B�E).
The percentage of cell apoptosis was 1.8% for control,
1.7% for DOX-treated cells, and 4.7% for SN-Ab(CD90)-
DOX-treated cells. It is speculated that theMSC cells have
drug-resistant ability especially against doxorubicin. For

Figure 4. Cellular retention of SN@FITC-Ab(CD90) in MSCs.
The MSCs were DAPI stained, incubated with 100 μg/mL
SN@FITC-Ab(CD90) for 1 h, cultured for different additional
time of (A) 0 h, (B) 6 h, (C) 24 h, (D) 48 h andobservedunder a
fluorescent microscope. Blue fluorescence shows nuclear
staining with DAPI, and green fluorescence shows the
location of nanoparticles.
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the distribution of cell cycle, G0/G1 phase cells in all
groups accounted for no less than 75% of all cells. There
was an observable but not significant promotion of cell
cycle progression from G0/G1 to S phase, but this regula-
tion did not show great disturbance to the process of cell
proliferation. The absence of cytotoxicity of DOX may be
attributed to two reasons. First, doxorubicinwas reported
to have a cell-cycle-dependent cytotoxicity arresting at
G2/M.41,42 The lopsided cell cycle distribution,with a large
population of cells remaining in G0/G1, may result in
negligible response to high-concentration DOX. Second,
it was reported that many stem cells overexpress ATP
binding cassette (ABC) transporters, which play impor-
tant roles in maintaining their stem-cell state.43�45 In this
study, P-glycoprotein-mediated drug efflux may help for
effluxing thedrugoutof the cells andmaintaining the cell
in a viable state. These two factors may interdetermine
the high viability of cells under high drug concentration,
favorable for high cellular association of nanoparticle
without compromise of cell viability.

In Vitro Tumor Tropism toward U251 Cancer Cells. To eval-
uate the tumoritropic property of silica nanorattle�
doxorubicin-anchored MSCs, in vitro chemotaxis assay
was performed using a 24-well transwell chamber. The

migration of MSC cells without pretreatment and cells
treated with SN, SN-DOX, SN-Ab(CD73), SN-Ab(CD73)-
DOX, SN-Ab(CD90), and SN-Ab(CD90)-DOX toward con-
ditioned media (CM) of U251 glioma cells and negative
control fibroblasts was measured. Figure 6A�G shows
the typical photo of cells that migrate through the
membrane pore toward U251 CM. All of the MSCs
showed obvious chemotaxis toward the U251 CM
compared with fibroblasts (Figure S9). The statistical
result (Figure 6H) shows that the MSCs pretreated with
SN and SN-DOX had similar migratory capacities, prov-
ing that doxorubicin did not influence the migration
ability of MSCs. The migratory capacities of MSCs pre-
treated with SN-Ab(CD73), SN-Ab(CD73)-DOX, SN-Ab-
(CD90), and SN-Ab(CD90)-DOX were decreased mod-
erately but still adequate for tumor-tropic delivery. It can
be attributed that the silica nanorattles attached on the
MSC membrane greatly increase after antibody biocon-
jugation, hampering the MSC deformation to go
through the pore of the transwell membrane. During
the process of migration, the attached silica nanorattles
did not fall off from theMSCs (Figure S10) for both SNwith
orwithout antibodybioconjugation.When applied in vivo,
the environment would be more complicated compared

Figure 5. Influence of doxorubicin onMSC cell viability. (A) MTT assay showingMSC viability treated with DOX, SN-DOX, and
SN-Ab(CD90)-DOX. Cell cycle analysis of (B) MSCs without treatment, (C) DOX, and (D) SN-Ab(CD90)-DOX-treated MSCs, and
(E) cell cycle distribution expressed as percentages.
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to in vitro simulated conditions. During MSC migration
confronted with a tumor stroma, it should be further
examined whether the particle would be detached due
to the shearing forces. It was reported that by carrying 100
nanoparticles, each T cell showed a tendency to inhibit T
cell transmigration capacity crossing the endothelial
barrier.28 Here, it is satisfying that 1500 nanoparticles per
MSC have acceptable adverse effect on cell viability and
migration efficiency.

In Vivo Tumor Delivery. We further examined the
in vivo cancer homing effect of MSCs carrying doxor-
ubicin-loaded silica nanorattles. Male nude mice with
subcutaneous U251 xenografts were intratumorally
administered with a single dose of (A) physiological
saline, (B) DOX, (C) SN-DOX, and (D)MSC-SN-Ab(CD90)-
DOX. The DOX concentration was 5 mg/kg for B�D
groups. At 1, 3, and 7 day post-injection, the intratu-
moral doxorubicin distribution was analyzed by dox-
orubicin autofluorescence. At 1 day post-injection, the
free DOX showed little accumulation in the tumors
(Figure S11A), and silica nanorattle-encapsulated DOX
penetrated into the solid tumors and accumulated in
the nucleus of tumor cells around blood vessels (Figure
S11B). Doxorubicin in the MSC-SN-Ab(CD90)-DOX
group showed more extensive and dispersed distribu-
tion throughout the tumor tissue (Figure S11C). At 3
day post-injection, DOX was only found surrounding
the needle insertion point (Figure S12A and data not
shown). The distribution of released DOX from SN and
the free DOX in MSC-SN-Ab(CD90)-DOX group had no
obvious change compared with the results at 1 day
post-injection (Figure S12B,C). At 7 day post-injection,

no fluorescence could be observed for free DOX
(Figure 7A); the SN-encapsulated doxorubicin showed
decreased fluorescence and shrunken distribution area
(Figure 7B); and the DOX in MSC-SN-Ab(CD90)-DOX
still maintained high level and broad distribution
(Figure 7C). Doxorubicin was reported to have low
ability for tumor tissue penetration because it has a
strong tendency and high level to bind with cellular
macromolecues.14,46 After being encapsulated into the
silica nanorattle, the nonspecific binding would be
decreased. The increased penetration and accumula-
tion of SN-DOX compared with free DOX is also due to
the existence of an EPR effect. After anchoring the SN-
DOX drug delivery system to MSCs, the doxorubicin
showed wider distribution area and prolonged tumor
retention time than SN-DOX due to the tumor-tropic

Figure 7. Fluorescent microscopy images of tissue sections
7 days after intratumoral injection of (A) DOX, (B) SN-DOX,
and (C) MSC- SN-Ab(CD90)-DOX. Blue fluorescence shows
nuclear staining with DAPI, and red fluorescence shows the
location of doxorubicin.

Figure 8. TUNEL staining assay showing apoptosis and cell
death by (A) control, (B) DOX, (C) SN-DOX, and (D) MSC-SN-
Ab(CD90)-DOX at 7 days after intratumoral injection.

Figure 6. Migration of MSCs toward conditioned media of
U251 glioma cells. (A) MSCs without treatment, and MSCs
associated with (B) SN, (C) SN-DOX, (D) SN-Ab(CD73), (E) SN-
Ab(CD73)-DOX, (F) SN-Ab(CD90), and (G) SN-Ab(CD90)-
DOX. (H) Cell amount of migrated MSCs; *p < 0.05, **p <
0.01, compared with control.
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migration properties of MSCs including targeting the
tumor hypoxic area.

Cell apoptosis of tumor tissue was detected using a
terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) at 7 day post-injection (Figure 8). For
the MSC-SN-Ab(CD90)-DOX group, the possible MSCs
apoptosis can be neglected according to the in vitro

resultswithnegligibleMSC cytotoxicity of SN-Ab(CD90)-
DOX. Corresponding with the doxorubicin distribution,
mice treated with free DOX showed minimal apoptosis
among the three treatment groups (Figure 8B); silica
nanorattle-encapsulated DOX showed moderate apop-
tosis (Figure 8C), whereas mice treated with MSC-SN-
Ab(CD90)-DOX showed the widest cell apoptosis area
(Figure 8D). This result proves that the increased and
prolonged doxorubicin distribution with silica nanorat-
tle encapsulation can increase the toxicity to tumor cells.
Using MSC to deliver the drug delivery system can
actively direct tumor targeting and increase intratumor-
al distribution and further enhance the tumoral apop-
tosis and increase the tumor therapy efficiency. Further
work is required, and we will further evaluate the in vivo
cancer therapy efficacy of this strategy.

Cytotoxic drugs have high toxicity to normal tis-
sues, which restricts the dose escalation to obtain an
optimal dose for killing cancer cells. Heterogeneous
distribution of systemically administered drug also
limits the cancer therapy efficacy. With the powerful
homing property of MSCs, the drug-loaded nanopar-
ticles have improved tumor targeting with increased
drug penetration andmore homogeneous intratumor
distribution. The therapeutic index would be substan-
tially increased by reducing off-target toxicities
and increasing drug concentration at the target sites

simultaneously. Furthermore, not only can MSCs find
tumor cells but they also can track down islands of
tumor cells migrating away from themain tumor mass,
which advise a new strategy to track down and kill
metastatic cancer. It is also important for therapy of
central nervous disease. Even after being injected into
the tail vein, the neural stem cells (NSC) were reported
to be capable of passing through the blood brain
barrier (BBB) and being distributed throughout the
intracerebral tumor mass.18 Although nanoparticles
were developed to help transporting across the BBB,
the efficiency by passive transport was relatively low.47

The assembly of a homing cell with a nanoparticulate
drug delivery system as a time bomb can be used as a
promising and robust candidate to overcome the in-
surmountable obstacle of an intracranial tumor.

CONCLUSION

The present study demonstrates the design of a time
bomb for cancer targeting therapy using the tumor-
tropic property of MSC as a delivery vector and silica
nanorattle-encapsulated DOX as a bullet. With specific
antibody bioconjugation, the silica nanorattle has in-
creased and prolonged association with MSCs. Com-
pared with free drug and silica nanorattle-encapsulated
DOX, the time bomb shows superior advantages in
increased and prolonged intratumoral drug distribution
and resulting enhanced tumor cell apoptosis. The com-
bination of “stem cell targeting” and “controlled drug
delivery” has promised to target and kill all of the tumor
cells including the primary andmetastasis satellites. This
robust and effective strategy provides a promis-
ing alternative way for efficient cancer targeting and
therapy.

EXPERIMENTAL METHODS

Chemicals. Tetraethyl orthosilicate (TEOS) and N,N-dimethyl-
formamide (DMF) were obtained from Beijing Chemical Re-
agents Company (China). N-Hydroxysulfosuccinimide (NHS),
1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride
(EDC), fluorescein isothiocyanate (FITC), and glutaric anhydride
were purchased from Sigma. Doxorubicin was purchased from
Hafeng United Technology Co. (Beijing). mPEG-SC (methoxy-
poly(ethylene glycol)succinimidyl carbonate) (5000 Da) was
purchased from Kaizheng Biotechnology Co. (Beijing).

Preparation of Silica Nanorattle and Antibody Bioconjugation. SN
and SN@FITC were fabricated via a modified Stöber reac-
tion according to our previously reported method.31 For anti-
body bioconjugation, 100 mg of SN was reacted with 0.5 mM
glutaric anhydride in DMF overnight to get a carboxylated silica
nanorattle (SN-COOH). Then, EDC (5 mmol) and Sulfo-NHS
(12.5 mmol) were dissolved in a SN-COOH suspension (PBS
buffer, pH 5.0). After 20 min, mouse anti-human CD90 mAb
(R&D System) or mouse anti-human CD73 mAb (R&D System)
was added to this solution, then the pH of the reaction system
was adjusted to 7.5. The reaction lasted for 4 h at 4 �C. The
antibody-bioconjugated nanoparticles (SN-Ab) were isolated by
centrifugation and washing repeatedly at 4 �C.

Morphology of the silica nanorattle and antibody-bioconju-
gated silica nanorattlewas observedwith a JEM2100 transmission

electron microscope. The ζ-potential and size distribution were
characterized by dynamic light scattering using the Malvern
Zetasizer 3000HS.

DOX Loading. To load doxorubicin into the silica nanorattle,
the silica nanorattle was dispersed in DOX solution (3.5 mg/mL
solved in water) and stirred for 24 h, followed by centrifugation
and washing three times with PBS to obtain the drug-loaded SN
(SN-DOX). The concentration of DOX was determined by UV/vis
spectroscopymeasurements at a wavelength of 230 nm (JASCO
V570 spectrophotometer). Drug loading amount was calculated
according to the equation of drug loading amount (%) = 100�
WDOX/(WSN-DOX), where WDOX is the weight of DOX loaded into
the nanorattle and WSN-DOX is the mass of SN-DOX.

Cell Purification and Culture. Human MSCs were isolated from
bone marrow of normal donors as described in previous
studies48,49 and were cultured in regular growth medium con-
sisting of low-glucose Dulbecco's modified Eagle's medium
(DMEM) (GIBCO) supplemented with 10 mM L-glutamine, 10%
fetal bovine serum (FBS) (Hyclone), penicillin (100 U/mL), and
streptomycin (100 μg/mL). Human glioma U251 cells (ATCC)
were maintained in high-glucose DMEM, supplemented with
10% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin. All
cultures were kept in an atmosphere of 5% CO2 and 95% air at
37 �C.

Fluorescent Observation. To observe the association of nanopar-
ticles with MSC cells, the MSC cells were seeded on glass-bottom
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dishes (35 mm, MatTek Corporation). A final concentration of 100
μg/mL or 1 mg/mL SN@FITC, SN@FITC-Ab(CD90), or SN@FITC-
Ab(CD73) was added to the cells and incubated for different times.
The cells were then washed with PBS three times, fixed with 4%
paraformaldehyde, and stained with 10 μg/mL DAPI (2-(4-
amidinophenyl)-6-indolecarbamidinedihydrochloride, Sigma).Mi-
crographs were taken on a Nikon fluorescencemicroscope (Nikon
Eclipse Ti-S, CCD: Ri1). To observe the cellular retention of the
nanoparticle, the MSC cells were seeded on glass-bottom dishes,
stained with 10 μg/mL DAPI for 2 h, and then incubated with 100
μg/mL SN@FITC, SN@FITC-Ab(CD90), or SN@FITC-Ab(CD73) for 1
h. The cells were washed with PBS three times and observed by
microscope. After observation, DMEM medium was replaced and
the cells were put back to the incubator. At 6, 24, and 48 h, the
same procedure was followed to observe the retention of nano-
particles in the MSCs.

To quantitatively analyze the association of nanoparticles
with MSCs, 106 cells were treated with 1 mg/mL and 100 μg/mL
SN@FITC and SN@FITC-Ab(CD90) for different times, respec-
tively. The cells were collected and sufficiently washed. The Si
content of the cells was measured with inductively coupled
plasma-optical emission spectrometry (ICP-OES, VARIAN VISTA-
MPX, US).

Cell Proliferation Assays. The cytotoxicity of SN, DOX, SN-DOX,
and SN-Ab-DOX on MSCs was evaluated by MTT assay. The cells
were seeded at a density of 8000 cell/well on 96-well plates
(Costar). After incubating the cells with SN, DOX, and SN-Ab-
DOX for 24 h, MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide, Sigma) (final concentration of 5mg/mL) was
added to each well. After 4 h incubation at 37 �C, colorimetric
measurements were performed at 570 nm on a scanning
multiwell spectrometer (Multiskan MK3 Thermo labsystems).
Data were expressed as mean ( standard deviation (SD) of at
least six independent experiments.

Cell Cycle Analysis. Intact, DOX or SN-Ab-DOX-treated MSC
cells (1 � 106) were fixed using a solution containing 70% ice
cool ethanol in PBS for 24 h at 4 �C. After removing the fixation
solution, the cell pellets were incubated with DNA staining
solution (40 μg/mL propidium iodide and 100 μg/mL RNase A)
for 30 min in the dark. Ten thousand cells per sample were
analyzed using flow cytometry (FACSCalibur system, Becton
Dickinson).

In Vitro Migration. The cell migration assays were performed
using 24-well transwell chambers (8 μmpore size; Corning Inc.);
105 MSCs suspended in 200 μL serum-freemediumwere placed
in the upper well of the transwell. The lower well was filled with
600 μL of conditioned media from U251 glioma cells and
fibroblasts. The conditioned medium was harvested from the
culture medium in which cells mentioned above were incu-
bated for 48 h. After being incubated for 4 h, cells on the
transwell membrane were fixed in 4% paraformaldehyde. The
fixed membrane was then stained with DAPI for 10 min and
washed. For each sample, 10 photos were taken with a 10�
objective lens, and the number of stained cells migrating
through the membrane pores was counted and averaged.

In Vivo Delivery. Balb/c nude mice (male, 4 week old) were
injected subcutaneously in the right axillary region with 0.1 mL
cell suspension containing 107 U251 cells (ATCC). After tumor
size reached to about 200 mm3, the mice were divided into four
groups, minimizing weight and tumor size differences. The mice
were intratumorally administered with (A) physiological saline,
(B) DOX, (C) SN-DOX, and (D) MSC-SN-Ab(CD90)-DOX. The DOX
concentration in groups B�D is 5mg/kg.MSC-SN-Ab(CD90)-DOX
suspension was prepared by incubation of SN-Ab(CD90)-DOX
with 107 MSC for 1 h and then washed off the unassociated
nanoparticles. At 1, 3, and 7 day post-administration, mice were
euthanized, and the tumors were peeled off and snap-frozen.
Five micrometer cryosections were prepared to measure the
distribution of DOX under a fluorescencemicroscope. Sections of
the tumor tissues from each group at 7 days after injection were
used for TUNEL staining according to themanufacturer's instruc-
tions (Invitrogen, Carlsbad, CA).

Statistical Analysis. The level of significance in all statistical
analyses was set at a probability of *p < 0.05. Data are presented

as mean ( SD. Analysis of variance (ANOVA) and t tests were
used to analyze the data.
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