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ABSTRACT

A superparamagnetic iron oxide (SPIO) nanoparticle is emerging as an ideal probe for noninvasive cell tracking. However, its low intracellular

labeling efficiency has limited the potential usage and has evoked great interest in developing new labeling strategies. We have developed
fluorescein isothiocyanate (FITC)-incorporated silica-coated core —shell SPIO nanoparticles, SPIO@SIO ,(FITC), with diameters of 50 nm, as a
bifunctionally magnetic vector that can efficiently label human mesenchymal stem cells (hMSCs), via clathrin- and actin-dependent endocytosis

with subsequent intracellular localization in late endosomes/lysosomes. The uptake process displays a time- and dose-dependent behavior.

In our system, SPIO@SIO ,(FITC) nanoparticles induce sufficient cell MRI contrast at an incubation dosage as low as 0.5 g of iron/mL of
culture medium with 1.2 x 10% hMSCs, and the in vitro detection threshold of cell number is about 1 x 10* cells. Furthermore, 1.2 x 10° labeled
cells can also be MRI-detected in a subcutaneous model in vivo. Labeled hMSCs are unaffected in their viability, proliferation, and differentiation
capacities into adipocytes and osteocytes which can still be readily MRI detected. This is the first report that hMSCs can be efficiently labeled

with MRI contrast nanoparticles and can be monitored in vitro and in vivo with a clinical 1.5-T MRI imager under low incubation concentration

of iron oxide, short incubation time, and low detection cell numbers at the same time.

To monitor cell trafficking in vivo and distinguish whether internally labeled with MRI contrast agents. Although native
cellular regeneration originated from an exogenous cell superparamagnetic iron oxide (SPIO) particles appear cur-
source is a key issue for developing successful stem cellrently to be the preferred cell-labeling materiathey suffer
therapies. Most of the traditional techniques for the examina- from low intracellular labeling efficiency. Hence, more
tion of stem cell transplantation in animal models are efficient cellular-internalizing methods are highly desirable.
performed by postmortem histological analy'sisObviously, Several modifications of SPIO particles, including coating
these histological methods cannot be applied in clinical with polystyrene, dextran, and dendrimer and utilizing of
studies. Thus, it is important to develop methods that can other transfection agents, have been reported to improve
monitor the fate and distribution of transplanted stem cells internalization of the contrast agent. However, the internal-
noninvasively. Magnetic resonance imaging (MRI) is an ideal izing efficiency is still generally low as manifested by the
imaging modality for the biodistribution of magnetically requirement of a long-term incubation or a high concentration
labeled cells”™*? For MRI detection, cells need to be of particles with cell$:58912 An alternative strategy to
improve internalizing efficiency is to link the particles to a
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the low intracellular labeling efficiency, previous studies were
usually performed on MRI systems with higher field
strengti689than most clinical MRI imagers of 1.5 T. Some
other reports employed large numbers of cells for 1.5-T MRI
imagerst®-12

Recently, bifunctional contrast agents with both optical
and magnetic contrast were demonstrated to serve as good
molecular imaging probes both in vitro and in vi¥d* Thus,
dual-modality detections could be simultaneously achieved
using a single material. In our synthetic strategy, silica {5iO
was selected for surface coating of SPIO particles because
dye molecules can be easily incorporated into a silica shell,
and silica is quite biocompatible and resistant to biodegrada-
tion in the biological environment$:'* Moreover, silica can
be easily surface functionalized for bioconjugation and
targeting for various applications in biological systems.
Hence, in this study we synthesized bifunctional nanopar-
ticles, SPIO@SigiFITC) with both fluorescent and magnetic

properties, and selected human bone marrow mesenChyma\lNell—dispersed in water, th& enhancing capability, (T,
stgm cells (hMSCs) as the cell model system. The goal of relaxivity, the slope obtained by plotting T/versus F&
this research was to develop contrast agent-loaded nanoparéomem) of SPIO@SIQFITC) could be measured at 0.47 T
ticles with which stem ceIIs_ could bg efficic_an_tly and using a Minispec spectrometer. The relaxivigyis found to
harmlessly labeled and then imaged with a clinical MRI be 128 mM* St at 40°C (Figure S3). The SPIO@SIO
analyzer at low cell number. (FITC) nanoparticles exhibited the typical property of
Bifunctional magnetic iron oxide/silica coreshell nano- superparamagnetic iron oxide in shortenifigrelaxation
particles with core diameters of 50 and 10 nm were time.
synthesized by a water-in-oil reverse micelle method. Briefly, |n the cell-uptake experiments of SPIO@SZETC),
the monodisperse hydrophobicsEe nanoparticles (10 nm)  hMSCs were isolated and expanded (see Supporting Infor-
were synthesized by a seed-growth method by reducingmation Section 2) and then incubated with different con-
Fe(acag)with 1,2-dodecanediol and protected by oleic acid centrations of SPIO@SICFITC) suspension in serum-free
and oleylamine in benzyl ethéf After a workup procedure,  |ow-glucose Dulbecco’s modified Eagle’s medium (DMEM)
the FgO4 nanoparticles were redissolved in cyclohexane at for various incubation times. After indicated times, the cells
room temperature. Then Triton X-100, hexanol, angddH  were harvested by trypsinization; cellular uptake of SPIO@
were added with stirring to generate a microemulsion. Then SiO,(FITC) was determined semiquantitatively by the in-
TEOS and N-1-(3-trimethoxysilylpropyl)N'-fluoresceyl-  corporated fluorescence intensity and MR functionalities,
thiourea (FITC-APTMS) were added to the water-in-oil using a flow cytometry (Becton Dickenson, Mississauga, CA)
microemulsion to form the shell structure. The synthesis is and a clinical 1.5-T MRI System (Signa excite, GE Health-
based on a seigel growth of silica in limited domain of  care, USA), respectively (see Supporting Information Section
water in the water-in-oil microemulsion. In this way, one 3). In the flow cytometry data (Figure 2A), the histograms
can grow an iron oxide (TEM picture in Figure S1) in silica of fluorescence intensity of h(MSCs that were incubated with
core—shell structure of high uniformity. Details of the various concentrations of SPIO@S{BITC) for 1 h were
syntheses procedure of & and SPIO@SIG{FITC) are displayed, and data showed that the number of labeled cells
described in Section 1 of the Supporting Information . The and the mean value of fluorescence intensity followed the
nanoparticles were characterized with the transmissionincubation concentration of SPIO@S{BITC). We found
electron microscopy (TEM), X-ray powder diffraction pattern SPIO@SiQ(FITC) uptake in hMSCs was time- (30 min, 1,
(XRD), fluorescence spectroscopy, aidenhancing relax- 2, and 4 h) and dose-dependent (3, 10, 30, andutBaL,
ivity. A TEM image of SPIO@SIQFITC) shows spherical  see Supporting Information Section 3, Figure S4). The uptake
core—shell structure with an average overall size of 50 nm of SPIO@SIiQ(FITC) nanoparticles began significantly as
with a 10 nm core (Figure 1). There is a thin ring on the early as 30 min after incubation with 1y/mL of nano-
outer surface which may be due to the surface organic group.particles and was relatively rapid within the first-2 h of
XRD pattern confirmed the existence of:Bg (See Sup- incubation. Saturation was achieveid2ah of incubation in
porting Information, Figure S2). The nanoparticles emit green the dose range of 30100 ug/mL (Figure S4). Using a
light with peak at 510 nm. Since the fluorescein dye is in clinical 1.5-T MRI imager, the MRI images of centrifuged
the outer shell away from the iron oxide core, its fluorescence cell pellets in test tubes placed in a water bath were easily
is not quenched significantly by the iron oxide. Dynamic detected. Under T2 weighted image mode (T2WI), cells
light scattering (DLS) verified that the as-synthesized nano- exposed to 3@g/mL of SPIO@SIQFITC) or higher for 1
particles were homogeneously suspended in the aqueous could be easily detected. In Figure 2B, the T2WI of labeled
solution. Because SPIO@SIBITC) nanoparticles were  hMSCs showed the MRI signal was dosage dependent. It

Figure 1. TEM image of SPIO@SIO2(FITC) with an average
overall size of 50 nm, 10 nm core, and about 5 nm ring.
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Figure 2. (A) Cellular uptake of SPIO@SKFITC) in hMSCs using flow cytometry. hMSCs were treated with 0 (control), 3, 10, 30, and

100 ug/mL (from top to bottom panels) of SPIO@S(BITC) nanoparticles fol h and then immediately processed for flow cytometry

study. The mean fluorescence intensity of SPIO@&O C)-treated cells is noted in parentheses and the number of positively labeling
cells (defined as the fluorescence vakigd!) is represented as the percentage of total counting cells in each panel. (B) Representative MRI
images of centrifuged hMSCs pellets in Eppendorf tubes placed in a water bath. Each cell pellet containd@fIcells after treatment

with various concentrations of SPIO@S${BITC) nanoparticles fol h and then scanned under a 1.5-T MRI system. (C) Sensitivity of in

vitro MRI of SPIO@SIQ(FITC)-labeled hMSCs. Cells ranging from>3 1(? to 1.2 x 10° after treatment with 3g/mL SPIO@SiG-

(FITC) for 1 h were scanned. Unlabeled cells of identical numbers were scanned as a control group (top panel). The cells could be detected
as low signal intensity area which resembles its distribution visualized in the test tube.

also displayed a dose- and time-dependent behavior (Figureproliferation affected after SPIO@Si(BITC) nanoparticle-
S5) as in flow cytometry studies. Hence, for studying the treated cells were incubated with growth medium for 24 h
biological effects and the mechanism of SPIO@SGHDT C) (see Figure 3A). In addition, we examined the differentiation
uptake, an incubation of hMSCs with 30g/mL of potential of labeled hMSCs into adipocytes and osteocytes
SPIO@SIQ(FITC) nanoparticles (equal to Ol iron/mL, to examine possible adverse effects of SPIO@EDC)

see Supporting Information Section 1y fb h was chosen.  nanoparticles on the functions of stem cells. Adipogenic
The fact that a small number of h(MSCs were easily imaged differentiation with the formation and accumulation of lipid
with a short-term incubation using a clinical 1.5-T MRI vacuoles and osteogenic differentiation with alkaline phos-
analyzer implied the high cellular labeling efficiency of phatase activity were observed by oil-red O stain and Fast
SPIO@SIQ(FITC) nanoparticles. To investigate the limit Blue stain (Sigma-Aldrich), respectively (see section 4 of
of labeling, a series of diluted labeled hMSCs were processedthe Supporting Information). As shown in Figure 3B,
for MRI. Figure 2C showed the MR images of SPIO@giO  adipogenic differentiation of hMSCs was observed only in
(FITC) nanoparticle-labeled hMSCs could be distinguishably cells grown in adipogenic medium but not in regular growth
observed at the cell numbers around*.1The minimal medium. SPIO@SIgFITC) nanoparticle-treated hMSCs did

detecting number of hMSCs is arounck6l0® to 1.2 x 10* differentiate into adipocytes, and there was no obvious
No signal intensity difference could be found in all of the difference in oil-red O stain assay between SPIO@SIO
samples in the unlabeled control group. (FITC) nanoparticle-treated control cells and untreated

To evaluate possible cytotoxic effect of SPIO@ZHKDTC) control cells. Figure 3C shows that SPIO@Z®TC)
nanoparticles, cell viability was examined by WST-8 reduc- nanopatrticles did not affect the osteogenic differentiation
tion assay (see section 4 of the Supporting Information). No induced by incubating hMSCs with osteogenic medium.
evidence of cytotoxicity was observetlah after treatment  These data indicated that SPIO@&®TC) nanoparticles
with SPIO@SIQ(FITC) nanoparticles, nor was the cell were biocompatible. Moreover, after incubation with different
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Figure 3. (A) hMSCs were incubated in the absence (control) or presence @ig88L SPIO@SIO2(FITC) for 1 h. Cytotoxicity of
SPIO@SIQ(FITC) was determined using a CCK-8 assay immediately afteofincubation (the left two bars). The effect of SPIO@giO

(FITC) on cell proliferation was examined after hMSCs were allowed to grow in regular growth medium for 24 h hfté incubation

with SPIO@SIQ(FITC) (the right two bars). Data are expressed as meatandard error of three determinations (each in quadruplicate).
Effects of SPIO@SIg{FITC) on adipogenic (B) and osteogenic (C) differentiation of hMSCs. Cells were first treated with vehicle (top
panels in each figure) or 30g/mL SPIO@SIQFITC) (bottom panels in each figure)rfd h and then incubated with regular growth
medium as negative control (left panels in each figure), adipogenic medium (right panels in Figure B), or osteogenic medium (right panels
in part C) for differentiation. Original magnifications200. The images represent three independent experiments. (D) hMSCs were first
incubated in the absence (control) or presence gi@thL SPIO@SIQFITC) for 1 h, and then cells were incubated with regular growth
medium (Reg.), adipogenic medium (Adi.), and Osteogenic medium (Ost.), for 7 days. After incubation, cells were harvested, processed,
and scanned under a 1.5-T MRI system. T2WI showed there are significantly different signal intensities for the treated cells from control.

media for 7 days, the cells prelabeled with SPIO@SIO to lysosomes after endocytosis, we studied the colocalization
(FITC) nanopatrticles fol h still could be detected under of LysoTracker Red, a marker for late endosomes and
T2WI in a clinical 1.5-T MRI imager (see Figure 3D). lysosomes with red fluorescence, with SPIO @D C)
Endocytosis is known as the main mechanism of cellular nanoparticles (green fluorescence). In the meanwhile, to
internalization for the magnetic nanoparticle vectors. Since avoid the artifact of cytochemical fixing, live cells after
SPIO@SIQ(FITC) nanoparticles could be efficiently inter-  incubation with SPIO@SIgQFITC) nanoparticles and
nalized into hMSCs, we used various pharmacological LysoTracker Red were visualized with a Zeiss Axiovert 100
inhibitors to explore the underlying uptake mechanism. Flow M confocal unit (see section 6 of the Supporting Informa-
cytometry data showed that SPIO@ZEITC) uptake was  tion). Indeed, SPIO@SKFITC) nanoparticles could be
impeded by phenylarsine oxide (PAO; a clathrin inhibitor) internalized into hMSCs via endocytosis which was evi-
and cytochalasin D (CytD; an actin inhibitor) but not by denced by colocalization of LysoTracker Red and SPIO@SIO
filipin (a caveola inhibitor) nor nocodazole (Noco; a micro- (FITC) nanoparticles in late endosomes and lysosomes as
tubule inhibitor) (see Figure 4A). Similar inhibitory effects exhibiting the orange to yellow fluorescence (see Figure 4C).
of these inhibitors on SPIO@SiFITC) uptake were Finally, we conducted MRI images of SPIO@S{BEITC)-
verified by MRI. To improve the MRI sensitivity, 2.4 10° labeled hMSCs in a nude mice model. Either ¥.2.0* or
cells were processed for comparison under T2WI. As shown 1.2 x 10° hMSCs treated with 3@g/mL of SPIO@SiG
in Figure 4B, SPIO@SIGFITC)-labeled cells treated with  (FITC) nanoparticles fiol h were suspended in 1 of
PAO or CytD exhibited lower signal intensity, which Matrigel and injected subcutaneously and separately into the
indicated inhibition of particle uptake by these inhibitors. dorsal flanks of each nude mouse (Figure 5). Under T2WI,
These indicated that clathrin-coated pit endocytosis and actinhMSCs labeled with SPIO@SKFITC) (1.2 x 10° hMSCs)
microfilaments might be involved in controlling the highly could be detected in a 1.5-T MRI at the dorsal flanks of the
efficient intracellular uptake of SPIO@SIEITC) nano- nude mouse and presented as a dark, protruding mass
particles. In order to find out if the ingested particles are mimicking a subcutaneous tumor, while the %.20* labeled
delivered to early endosomes and then (via late endosomeshpMSCs could only be detected as a bright dot, a signal which
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Figure 4. Effects of various inhibitors on the uptake of SPIO@&KITC). (A) hMSCs were treated with a vehicle (DMSO, control) or
the indicated inhibitors in the absence (left panels as negative control) or presencegdf®0SPIO@SiQ(FITC) (right panels) for 1 h.

After treatment, uptake was detected by flow cytometry. The number of positively labeling cells is represented as the percentage of total

counting cells in each panel. (B) The internalization mechanism of SPIO@SKT) was further evidenced by MRI. SPIO@$(BITC)-
labeled cells treated or untreated with various inhibitors were scanned at identical cell numberl®.4(C) Colocalization of green
fluorescent SPIO@SKQFITC) with late endosomes/lysosomes. hMSCs were treated witlgBL SPIO@SIQ(FITC) for 30 min and
then incubated with LyosTracker Red for another 30 min. The cellular distribution of SPIO@SIC) and LysoTracker Red-labeled
organelles (late endosomes/lysosomes) was analyzed by a Zeiss Axiovert 100M confocal unit.
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Figure 5. T2 weighted MRI study of SPIO@SKFITC)-labeled
hMSCs was performed by injecting 12 10* or 1.2 x 1P cells
mixed with Matrigel into subcutaneous tissue of the flanks
(unlabeled cells at left flank and labeled cells at right flank,
respectively) of a nude mouse.

only reflects Matrigel. The findings revealed that labeled cells

In this study, we have demonstrated that our as-synthesized
SPIO@SIQ(FITC) nanoparticles could be efficiently inter-
nalized into hMSCs. The improvements we have achieved
are as follows: (1) the procedure used to label hMSCs is
fast (only 30 min & 1 h ofincubation) and easy to apply;
(2) the concentration of SPIO@ SIBITC) nanoparticles for
labeling cells is low; (3) these labeled cells can be visualized
in a clinical 1.5-T MRI imager with an in vivo detecting
quantity of 1.2x 1P cells and with detectable cell numbers
about 10 in vitro; (4) the distinguishability of labeled hMSCs
under a clinical MRI imager is high in vivo. Moreover,
SPIO@SIQ(FITC) nanoparticles are nontoxic without af-
fecting cell viability, growth, and differentiation of hMSCs.
The labeled cells remained MRI detectable after long-term
(7 days) growth or differentiation, which is further evidence
for the biocompatibility and durability of SPIO@SIEITC)
nanoparticles. In summary, although further investigations
and an alternative animal model of stem cell transplantation
are warranted to evaluate potential applications for stem cell
tracking, our results strongly suggest SPIO@&HOIC)
nanoparticles are a superior multifunctional tracking agent.
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