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SPECIFIC AIMS

One of the major problems inherent to the study in the
use of stem cells in tissue regeneration is the difficulty
in tracking the movement of implanted cells. There has
been significant effort to develop new nanoparticle
vectors that could be efficiently internalized into cells.
However, current cellular labeling apparatus are barely
satisfactory. We sought to develop a highly efficient cell
labeling nanoparticle vector for stem cell tracking.

PRINCIPAL FINDINGS

1. Fluorescein isothiocyanate-conjugated mesoporous
silica nanoparticles (FITC-MSNs) exhibit highly
efficient cell labeling activity

For this study, we synthesized mesoporous silica nano-
particles and labeled them with fluorescein isothiocya-
nate for detection. As revealed by transmission electron
microscope (TEM) examination, FITC-MSNs had well-
defined hexagonal edges and highly ordered porous
and were uniform in size (~110 nm). We tested
whether FITC-MSNs would be internalized into cells
and subsequently determined the mechanism and the
effect of internalized FITC-MSNs on human mesenchy-
mal stem cells (hMSCs) as well as on 3T3-L.1 cells, which
is an established cell line and would differentiate into
adipocyte under appropriate conditions, for compari-
son. As demonstrated by flow cytometric analysis, FITC-
MSNs were internalized into both cells in a time- and
concentration-dependent manner. The FITC-MSN up-
take began efficiently as early as 10 min after incuba-
tion and was relatively rapid within the first 1-2 h of
incubation, and a saturation uptake was achieved at 2 h
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and 2-4 h of incubation in hMSCs and 3T3-L.1 cells,
respectively. Moreover, at higher doses of FITC-MSN
treatment, the histogram of fluorescence intensity ex-
ceeded the intensity scale indicating a very efficient
uptake of FITC-MSNs. Confocal analysis revealed that
FITC-MSNs were internalized into cells indeed (Fig.
14). TEM images showed that FITC-MSNs retained the
architecture integrities including highly ordered hex-
agonal pores, well-defined hexagonal edges, and parti-
cle size after their internalization into cells (Fig. 1B).

2. The internalized FITC-MSNs do not affect cell
viability, growth, and differentiation

We next explored the effects of FITC-MSNs on cellular
activities, including cytotoxicity, cell proliferation, and
cellular differentiation activities. Neither evidence of
cytotoxicity was observed at 1 h after treatment with
FITC-MSNs nor was the cell proliferation affected after
FITC-MSN-treated cells were incubated with growth
medium for 1-3 days. After treatment with FITC-MSNs,
identical profiles of immunophenotype detected by
flow cytometry were noticed in FITC-MSN-labeled or
control hMSCs. FITC-MSN-treated hMSCs retained
their differentiation activities into adipocytes, chondro-
cytes, and osteocytes like untreated control cells. FITC-
MSN-treated 3T3-L1 cells exerted the identical adipo-
genic differentiation as control cells.
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Figure 1. Microscopic observation of the FITC-MSN internal-
ization. hMSGCs (left panels) and 3T3-L1 cells (right panels)
were treated with FITC-MSNs for 1 h, then processed for
confocal microscopic examination (A) or TEM study (B).
A) Cell nucleus was stained with 4',6-diamidino-2-phenylin-
dole (blue color). FITC-MSNs appeared in green color. B)
FITC-MSNs (arrows) exhibited hexagonal figures after inter-
nalization into cells.

3. Clathrin-mediated endocytosis plays an important
role in the FITC-MSN uptake and is involved in more
uptake and longer stay of FITC-MSNs in hMSCs than
in 3T3-L1 cells

Inhibition of clathrin-coated pit endocytosis by sucrose-
induced hypertonicity and phenylarsine oxide, a clath-
rin inhibitor, decreased FITC-MSN uptake, whereas
inhibition of caveola-coated pit endocytosis by filipin
did not affect FITC-MSN uptake. We examined the
correlation between clathrin protein expression and
the uptake and stay duration of FITC-MSNs in 3T3-L1
cells and hMSCs. 3T3-L1 cells displayed less FITC-MSN
uptake and a shorter period of FITC-MSN stay as well as
reduced clathrin protein expression than hMSCs.

4. The internalized FITC-MSNs can escape from
endocytic vesicles (endo-lysosomal vesicles) and resist
the lysosomal degradation

Since in the endocytic pathway ingested molecules are
delivered to early endosomes, then (via late endo-
somes) to lysosomes, we studied the colocalization of
LysoTracker Red, a marker for late endosomes and
lysosomes with red fluorescence, with FITC-MSNs
(green fluorescence). A partial colocalization (orange
to yellow fluorescence) in the cytoplasmic compart-
ment was exhibited (Fig. 24). However, FITC-MSNs

CELLULAR LABELING WITH MESOPOROUS NANOPARTICLES

appeared to accumulate in compartments separated
from the LysoTrack-labeled compartments. As shown in
Fig. 2B, we found that some internalized FITC-MSNs
were colocalized with nonyl acridine orange (NAO, a
mitochondria-selective probe) in the mitochondria, as
evident from the appearance of yellow fluorescence. As
demonstrated in Fig. 1B, the maintenance of architec-
ture integrities of FITC-MSNs after their internalization
into cells indicated that FITC-MSNs were able to resist
the lysosomal degradation.

CONCLUSIONS AND SIGNIFICANCE

Since certain nanoparticle vectors commonly used to
label cells have significant limitations, low cellular
internalizing efficiency especially, there is a strong
interest in the development of highly efficient cellular
labeling vectors. To our knowledge current vectors for
cell labeling or tracking are composed of biodegrad-
able nanoparticles. In the present study, we attempted
to label cells with mesoporous silica nanoparticles
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Figure 2. Colocalization of green fluorescent FITC-MSNs with
late endosomes/lysosomes and mitochondria. hMSCs were
treated with FITC-MSNs for 30 min, then incubated with
LysoTracker Red (A) or nonyl acridine orange (NAO) (B) for
another 30 min. The cellular distribution of FITC-MSNs and
LysoTracker Red- or NAO-labeled organelles (late endo-
somes/lysosomes and mitochondria, respectively) was ana-
lyzed by a Zeiss Axiovert 100M confocal unit.
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Figure 3. Schematic representation of the intracellular inter-
nalization and endolysosomal escape of FITC-MSNs. a) FITC-
MSNs have well-defined hexagonal edges and highly ordered
porous. b) Clathrin-mediated endocytosis plays an important
role in the FITC-MSN uptake and is involved in more uptake
and longer stay of FITC-MSNs in hMSCs than in 3T3-L1 cells.
¢) After their internalization, FITC-MSNs (depicted as closed
green circles) are transported to late endosomes (LE) and
lysosomes (LYS) via early or primary endosomes (PE), then
escape from endo-lysosomal vesicles into the cytoplasm
(CYTO) and resist the lysosomal degradation. d) The inter-
nalized FITC-MSNs have no inhibitory effect on cell viability,
growth, and differentiation. N, nucleus.

(MSNs), which are considerably nonbiodegradable,
and evaluated the possibility of MSNs for being a cell
tracker, especially for stem cell tracking.

In the present study, we successfully labeled hMSCs
and 3T3-L1 cells with FITC-MSNs. Without any modifi-
cation, FITC-MSNs could be internalized into cells
efficiently as evidenced by a swift occurrence of uptake
detected by flow cytometry in a concentration- and
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time-dependent manner. The FITC-MSN internaliza-
tion occurred within the ten-minute treatment and
substantially accumulated during the first two-hour
incubation. Microscopic examinations demonstrated
that the intracellular internalization determined by
flow cytometry was not due to the adherence to cell
surface. As compared with 3T3-L1 cells, hMSCs inter-
nalized FITC-MSNs more efficiently and reserved the
intracellular FITC-MSNs longer, and this finding im-
plies that FITC-MSNs could be an appropriate candi-
date for the use of stem cell tracking. We also demon-
strated that FITC-MSN internalization did not affect
cell viability, cell proliferation, and the immunopheno-
typic profiles of surface markers in hMSCs. The labeled
hMSCs also retained their multipotency to differentiate
into fat (adipocytes), cartilage (chondrocytes), and
bone (osteocytes) after cellular internalization of FITC-
MSNs, and the labeled 3T3-L1 cells exerted equal
adipogenic differentiation ability to the untreated cells.
These facts indicate that FITC-MSNs are quite biocom-
patible.

The results also indicate that clathrin-mediated en-
docytosis plays an important role in the FITC-MSN
uptake and contributes to the more uptake and longer
stay of FITC-MSNs in hMSCs than in 3T3-L1 cells. After
intracellular uptake by endocytosis, FITC-MSNs escape
out of the endolysosomes from degradation. Another
possibility of contribution to the resistance to lysosomal
degradation is due to the nonbiodegradability of silica.
However, the nonbiodegradability is not harmful to the
bioactivities of cultured cells in vitro as well as in animal
mode (data not shown).

Our data demonstrate that: /) the mesoporous silica
nanoparticles can be internalized efficiently into
hMSCs and 3T3-L1 cells by clathrin-dependent endocy-
tosis; 2) The mesoporous silica nanoparticles are non-
toxic without affecting cell viability, growth, and differ-
entiation; 3) Human mesenchymal stem cells can
internalize more mesoporous silica nanoparticles and
keep them inside longer; and 4) The mesoporous silica
nanoparticles can escape from endo-lysosomal vesicles
and resist lysosomal degradation. Although further
investigations are warranted to evaluate the potential
use of mesoporous silica nanoparticles, these results at
least suggest the potential application of these nano-
particles in stem cell tracking.
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