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apeutic processes. In this study, we successfully synthesized and utilized NaYF4:Yb?*,Er>* upconversion
nanoparticles (UCNPs) to label and track rabbit bone marrow mesenchymal stem cells (rBMSCs) during
the osteogenic differentiation in vitro. To improve their biocompatibility and cellular uptake, we
modified the UCNPs with negatively-charged poly(acrylic acid) and positively-charged poly(allylamine
hydrochloride) in turns (i.e., PAH-PAA-UCNPs). The effect of cellular uptake of UCNPs on the osteogenic
Mesenchymal stem cells differentiation of rBMSCs was systematically evaluated, and no significant difference was found between
Osteogenic differentiation rBMSCs labeled with UCNPs (concentration range of 0-50 pg/mL) and UCNPs-free rBMSCs in terms of cell
Upconversion nanoparticles viability, ALP activity, osteogenic protein expressions and production of mineralized nodules. Moreover,
the PAH-PAA-UCNPs at a concentration of 50 pg/mL exhibited the highest biocompatibility and stability,
which could well track rBMSCs during the osteogenesis process. These results would provide a positive
reference for the application of these lanthanide-doped UCNPs as fluorescent nanoprobes for stem cell
tracking to further understand the mechanism of stem cell fate in tissue engineering and stem cell
therapy.
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Statement of Significance

Upconversion nanoparticles (UCNPs) have attracted increasing attention as alternative probes for
tracking various types of cells including stem cells. The reported fluorapatite-based UCNPs with the
needle-like morphology showed a little poor performance on stem cell tracking, which was possibly
attributed to the low upconversion efficiency and cell labeling efficiency potentially due to nanomaterial
composition, crystal structure and shape. Here, we synthesized the positively-charged NaYF,:Yb®* Er®*
UCNPs with hexagonal phase and sphere-like morphology to enhance their upconversion efficiency,
biocompatibility and cellular uptake, leading to a successful tracking of rBMSCs in osteogenesis process
without impairing cell viability and differentiation capacity. This study provided a necessary reference for
the application of UCNPs in stem cell tracking to better understand the mechanism of stem cell fate in
tissue engineering, stem cell therapy, etc.

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Mesenchymal stem cells (MSCs) are multipotent cells that can
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different diseases (e.g., cardiovascular disease, cancers and tissue
injuries) [4]. Bone marrow mesenchymal stem cells (BMSCs), as a
kind of most commonly used MSCs, have attracted much attention
in clinical trials, especially for bone defect repair and bone
regeneration. Indeed, accumulating evidence has proved that the
transplanted BMSCs can promote bone regeneration in various
animal models of bone defects through differentiation into osteo-
blasts [5-7]. In spite of their great potentials in stem cell therapy,
the underlying mechanism remains unclear. This is mostly due to
the lack of the means to find out the fate of BMSCs post transplan-
tation [8]. Therefore, it is of great importance to track stem cells
during the time scale of therapeutic process without impairing
their intrinsic properties (e.g., proliferation, migration and
differentiation).

Various labeling techniques have been developed to track stem
cell behaviors in vitro and in vivo [9-14]. Inducing report genes
including green fluorescent proteins (GFPs) and luciferase has been
intensively used to track and quantify cell fate, while these
approaches require genetic modification of stem cells via the viral
vectors for transfection [15]. A variety of exogenous probes such as
quantum dots (QDs) and magnetic nanoparticles have also
emerged as the effective trackers for labeling stem cells without
viral transfections [16-18]. Despite all this, QDs are associated
with potential issue of degradation, which may lead to fluores-
cence decrease and release of toxic heavy metal ions [13,14]. As
for magnetic resonance imaging technique, it suffers from limited
image resolution (1-3 mm?), making it challenging to accurately
detect small numbers of cells after transplantation [18]. Hence,
advanced exogenous fluorescent probes with high photostability,
excellent resolution and negligible side effect to stem cells are still
in urgent demand.

Recently, upconversion nanoparticles (UCNPs), mostly based
on lanthanide-doped nanomaterials (e.g., NaYF,:Yb*" Er3*), have
attracted great interest with widespread applications in biomedi-
cine fields [12,19-24]. Compared to conventional down-
conversion fluorescent probes such as QDs and fluorescent dyes,
which require ultraviolet or visible excitation wavelengthes,
UCNPs exhibit high photostability, sharp emission bands, large
anti-Stokes shift and deeper tissue penetration [19,25-30]. Besides,
UCNPs provide minimal autofluorescence from biological tissues,
which allows improved imaging sensitivity in biological systems
[27,31]. Therefore, UCNPs have attracted increasing attention as
alternative probes for bioimaging [32-35] and tracking various
types of cells including stem cells [36-38]. For instance, fluorap-
atite crystals doped with Yb**/Ho>* (FA:Yb**/Ho>") were used to
label and track MSCs during chondrogenic differentiation [36].
However, upconversion efficiency and cell labeling efficiency of
these needle-like FA:Yb3*/Ho®" crystals were potentially low due
to their composition, crystal structure and shape, leading to a poor
performance on stem cell tracking. Indeed, upconversion efficiency
of FA:Yb*'/Ho>" crystals is relative low compared to hexagonal-
phase NaYF,:Yb3*Er3* crystals [39]. Besides, the shape and size
of nanomaterial have been shown to significantly affect cellular
uptake efficiency, and the nanomaterial with spherical shape has
demonstrated to provide higher uptake efficiency than other
shapes [40-42]. Although several studies have assessed the poten-
tial hazards of UCNPs during stem cell tracking [43,44], and these
existing studies mainly focus on cytotoxicity or biocompatibility
of UCNPs, the long-term effect of UCNPs on differentiation capacity
and tracking of stem cells using hexagonal-phase NaYF,:Yb>* Er3*
crystals with sphere-like morphology have not been fully explored.

In this study, we synthesized NaYF,:Yb>*Er** UCNPs, which
were then modified with poly(acrylic acid) (PAA) and poly(ally-
lamine hydrochloride) (PAH) in sequence. Such surface modifica-
tion of UCNPs is necessary to improve their water dispersibility
and biocompatibility, subsequently facilitating cellular uptake

[45]. Then, we used PAH-PAA-UCNPs to label New Zealand white
rabbit bone marrow mesenchymal stem cells (rBMSCs), and
tracked the labeled stem cells during their osteogenic differentiation
in vitro. Cellular uptake of PAH-PAA-UCNPs and their long-term
effect on osteogenic differentiation of the nanoparticle-labeled
rBMSCs were systematically evaluated. This study provided the
necessary data for the application of these lanthanide-based
UCNPs in tracking of stem cells to further understand the mecha-
nism of stem cell therapy, especially demonstrating their great
potentials as the fluorescent cell-labeling agents in tissue
engineering.

2. Materials and methods
2.1. Synthesis and characterization of PAH-PAA-UCNPs

NaYF,:Yb3* Er>* UCNPs (Y: Yb: Er=80:18:2) were prepared
according to our recently reported protocol [46]. To make UCNPs
water-soluble, a simple ligand exchange method was used to mod-
ify the surface of UCNPs. As a hydrophilic ligand, poly(acrylic acid)
(PAA, Mw =1800) was first used for replacing the original
hydrophobic ligands on the surface of UNCPs by mixing 1 mL of
UCNPs dispersion, 14.5 pL PAA, and 1 mL ethanol together in
chloroform (15 mg/mL) with constant stirring overnight. Then
the mixed solution was centrifuged at 10,000 rpm for 10 min.
The precipitates were washed three times with ethanol and
deionized water, then the PAA-UCNPs can be re-dispersed well in
water. To reverse surface charge, poly(allylamine hydrochloride)
(PAH, Mw =17,500) was followed to modify the PAA-UCNPs,
leading to a positive charge surface. 97 mg PAH, 1 mL ethanol
and 1 mL PAA-UCNPs water solution were mixed overnight. After
three times washing, PAH-PAA-UCNPs were obtained. The detailed
process was illustrated in Fig. 1a.

Transmission electron microscopy (TEM) image was obtained
by using a H7700 transmission electron microscope (acceleration
voltage: 200 kV). Upconversion luminescence (UCL) emission spec-
tra were acquired with a QuantaMasterTM40 spectrofluorometer
with a 250 mW 980 nm NIR laser diode as the excitation source.
X-ray powder diffraction (XRD) patterns were obtained from an
XRD-7000 diffractometer over a 20 range of 10°-80°. Zeta potential
of UCNPs was analyzed by a Nano-ZS90 Zeta Sizer. Fourier trans-
form infra-red (FT-IR) spectra were analyzed using a Nicolet iS50

FT-IR spectrometer from 4000 cm™' to 400 cm ™.

2.2. Rabbit bone marrow mesenchymal stem cells (rBMSCs) culture
and differentiation

rBMSCs were separated from the bone shafts of femurs form
New Zealand white rabbits [47]. rBMSCs were cultured in low glu-
cose Dulbecco’s modified Eagle’s medium (LG-DMEM, Invitrogen)
for proliferation. Growth medium (GM) contained 10% fetal bovine
serum (FBS, Gibco, USA), 100 pg/mL streptomycin and 100 U/mL
penicillin. 2-4th passage cells were used for different assays and
cultured in an incubator (37 °C, 5% CO,).

The prepared PAH-PAA-UCNPs were dispersed in a certain vol-
ume of growth medium to get an initial nanoparticle suspension
with the concentration of 1 mg/mL. Then the initial PAH-PAA-
UCNPs suspension was filtered by using a 0.22 pum membrane.
Finally, the target PAH-PAA-UCNPs concentrations of 25 pg/mL,
50 pg/mL, 100 pg/mL and 200 pg/mL were obtained by adding dif-
ferent amounts of the filtered initial PAH-PAA-UCNPs suspension
into the growth medium. The growth medium without any
PAH-PAA-UCNPs was used as control in our study.

Cell pretreatment and osteogenic differentiation were shown in
Fig. 1b. In brief, the rBMSCs were seeded with growth medium
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Fig. 1. Schematics of nanoparticle synthesis and process of cell pretreatment and osteogenic induction. (a) PAH-PAA-UCNPs synthesis. First, NaYF,:Yb>*Er>* UCNPs were
synthesized. Then, a ligand exchange method was used for surface modification of UCNPs. Finally, PAH was electrostatic assembled to the surface of the PAA-conjugated
NaYF,:Yb** ,Er>* UCNPs, leading to the formation of PAH-PAA-UCNPs. (b) Cell pretreatment and osteogenic differentiation process. rBMSCs were exposed to the PAH-PAA-
UCNPs at different concentrations for 24 h. Subsequently, osteogenic medium (OM) was used to culture cells for 21 days and the fresh medium was replaced every 3 days.

Finally, the cells were taken for the different assays on the days as designed.

(GM) initially. After 1 day for cell attachment, the rBMSCs were
exposed to different concentrations of PAH-PAA-UCNPs for 24 h.
After that, the medium was replaced with an osteogenic medium
(OM), containing 10 mM B-glycerophosphate disodium, 10~7 M
dexamethasone and 50 pg/mL ascorbic acid. Fresh medium was
replaced every 3 days. All cultures were under standard culture
condition (5% CO,, 37 °C). The rBMSCs were used for the following
assays on the days as designed.

2.3. Confocal laser scanning microscopy observation for the uptake of
PAH-PAA-UCNPs

The rBMSCs were seeded onto 35-mm coverglass-bottom
dishes and incubated with different concentrations of PAH-PAA-
UCNPs for 24 h at 37 °C. Then, the cells were rinsed with PBS three
times to remove the unbound nanoparticles on cell surface. After
being fixed with 4% paraformaldehyde for 15 min, the cell nuclei
were stained by 4’,6-diamidino-2-phenylindole (DAPI) for 20 min
at 37 °C. Cellular uptake of PAH-PAA-UCNPs was determined by a
modified confocal laser scanning microscope (Olympus FV1200,
Japan) equipped with an external 980-nm laser as the excitation
source.

2.4. CCK-8 assay

Cell proliferation was evaluated quantitatively by using a Cell
Count Kit-8 (CCK-8, 7Sea Pharmatech Co., Ltd, China). The rBMSCs
were cultured at a density of 5000 cells per well in a 48-well plate.
CCK-8 assays were carried out respectively on day 1 and 7 after

exposure to PAH-PAA-UCNPs with different concentrations for
24 h. CCK-8 (10%, v/v) was added to the medium and then cells
were incubated in it at 37 °C for 3 h. Due to the activity of dehydro-
genases in living cells, CCK-8 is transformed into orange-colored
formazan. 100 pL of the above solution was taken into a 96-well
plate and then a microplate reader at 450 nm was used to measure
the absorbance (0.D.) of the solution. O.D. at 450 nm was
measured to describe the relative cells number. Then, the cell
viability was expressed by normalizing the O.D. to the control
(% of the control). The experiments were carried out in triplicate
and three independent experiments were performed.

2.5. Flow cytometry for cell cycle analysis

The rBMSCs were cultured in a 6-well plate at an initial density
of 50,000 cells per well. PAH-PAA-UCNPs were added into each
well after cell seeding for 24 h, resulting in the concentrations of
nanoparticle were 25, 50, 100, and 200 pg/mL. The control group
was the cells without any PAH-PAA-UCNPs. After exposure to
UCNPs for 24 h, the rBMSCs were rinsed with PBS and then cul-
tured in osteogenic medium. On day 7 after osteogenic induction,
the rBMSCs were harvested with trypsin-EDTA and centrifuged.
After washing twice with culture medium (without FBS), 0.5 mL
cell suspension was added to 1.5 mL 70% alcohol and fixed at
4 °C overnight. Then cell cycle assay was carried out by a Cell Cycle
and Apoptosis Analysis Kit (7Sea Pharmatech Co., Ltd, China)
according to the manufacturer’s protocol, followed by measure-
ment of fluorescence data by a flow cytometer (BD, USA). Cells in
different phases of the cell cycle (GO/G1, S and G2/M) were analyzed.
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2.6. Alkaline phosphatase (ALP) activity assay

The rBMSCs were seeding in 24-well plates at a density of
10,000 cells per well. After treatment with PAH-PAA-UCNPs, the
cells were cultured for osteogenic differentiation. At day 7 and
day 10 after osteogenic induction, the cells were rinsed and then
lysed on ice using RIPA lysis buffer (HEART, China) for 15 min. Sub-
sequently, the lysate was harvested and centrifuged at 10,000 rpm
for 10 min at 4 °C and then analyzed by using an ALP Assay Kit
(Jiancheng, China) based on the manufacturer’s protocol. The ALP
activity was normalized by the content of total protein measured
by a BCA Assay Kit (Jiancheng, China).

2.7. Real-time polymerase chain reaction (RT-PCR)

The rBMSCs were seeded in a 6-well plates (cell density: 40,000
cells/well). After 14-days osteogenic induction, the total RNA for

Table 1
Sequences of primers for RT-PCR.

Gene Forward primer (5’-3") Reverse primer (5'-3')

GAPDH AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA
Runx 2 CACTATCCAGCCACCTTTACTT TGGCAGGTAGGTATGGTAGT
OPN CGAGCAGGCCAGACAATATAA GATTCCTGGCTGACTTTGGA

oC CACAGAGCGACAGCATGAG CTTGGACACGAAGGCTGAG
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each sample was extracted by using a RNA Extraction Kit (Tiangen.
Co. Ltd, China). Then the prepared RNA was reverse-transcribed
with a RevertAid First Strand cDNA Synthesis Kit (Thermo
Scientific, USA) on the basis of the suggested protocol. RT-PCR
analysis was performed by using a real-time PCR system
(ABI 7500 Fast, USA) with SYBR Green PCR Master Mix (Life
Technologies, USA). Runx 2, osteopontin (OPN) and osteocalcin
(OC) were used to assesse the osteogenic differentiation and
GAPDH served as a housekeeping gene. The sense and antisense
primers in the present study were designed and shown in Table 1.
The experiments were performed in triplicate.

2.8. Alizarin red S staining for accumulated calcium

The rBMSCs were seeded in 24-well plates at a density of
10,000 cells per well. After 21-days osteo-induction, the cells
were washed, fixed with 4% paraformaldehyde for 20 min, and
then stained with Alizarin Red S solution (HEART, China) at
37 °C for 20 min. Following washing the rBMSCs with PBS three
times, a phase-contrast microscope (Leica, Germany) was used
to photograph. To further quantify retention of Alizarin Red, the
stained rBMSCs were reacted with 500 pL of 10 (w/v%) cetylpyri-
dinium chloride in disodium hydrogen phosphate at 37 °C
for 10 min, then the O.D. was measured via microplate reader
at 570 nm.
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Fig. 2. Characterization of UCNPs. (a) Photos of PAH-PAA-UCNPs in PBS buffer under a 980-nm laser excitation and the ambient light. (b) Representative TEM image, (c) Size
distribution and (d) Zeta potential of synthesized PAH-PAA-UCNPs. (e) FT-IR spectra of PAA-UCNPs and PAH-PAA-UCNPs (f) Upconversion luminescence emission spectrum of
three kinds of UCNPs. (f) XRD patterns of PAH-PAA-UCNPs after hydrothermal synthesis. Scale bar: 100 pm.
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2.9. In vitro tracking of rBMSCs during osteogenesis process

The rBMSCs were seeded onto 35-mm coverglass-bottom
dishes first, and then exposed to the PAH-PAA-UCNPs with the
concentration of 50 pug/mL. After that, the cells were cultured in
osteogenic medium. In vitro tracking of rBMSCs during osteogene-
sis process using PAH-PAA-UCNPs was studied by immunofluores-
cent assay at day 5, day 14 and day 21 after osteo-induction.
Immunofluorescent staining analysis of OC was carried out by
incubating the rBMSCs with the mouse anti-OC antibody (1:200,
ab13418, abcam) overnight at 4 °C. Next, the rBMSCs were labeled
with the anti-mouse secondary antibody (Rhodamine, 1:1000,
Jackson-Yeasen). The nuclei were stained with DAPI for 10 min at
room temperature. The images were visualized and photographed
under a modified confocal laser scanning microscope.

2.10. Statistical analysis

Experimental results are presented as means * standard devia-
tion (S.D.). Comparisons between groups were analyzed by ANOVA
using SPSS. Differences were accepted to be statistical significance
at a level of p < 0.01.

3. Results and discussion
3.1. Characterization of PAH-PAA-UCNPs

To obtain the fluorescent nanoprobes for cell labeling with
enhanced cellular uptake, we first synthesized NaYF,:Yb®*Er®*
UCNPs and then modified UCNPs with PAA and PAH via ligand
exchange and electrostatic assembly in sequence (i.e., PAH-PAA-
UCNPs). PAH-PAA-UCNPs formed a clear and highly stable solution
in PBS. When excited with a 980nm NIR laser diode, we
observed strong upconversion luminescence from PAH-PAA-UCNPs

(a) 0 pg/mL

(b) 25pg/mL  (0)

DAPI White light

UCNPs

50 pg/mL  (d)

dispersed in PBS with naked eyes (Fig. 2a). The representative TEM
image shows the monodispersed and sphere-like nanoparticles with
an average diameter about 50 nm (Fig. 2b-c). Coating UCNPs with
positive charge has been demonstrated to enhance their cellular
uptake, which could be attributed to the negative charge of cell
surface [37]. In the present study, the modified UCNPs have positive
charge, as reflected by the Zeta potential of PAH-PAA-UCNPs
(+56.8 mV) as compared to PAA-UCNPs (-47.8 mV) (Fig. 2d). The size
distribution of UCNPs based on dynamic light scattering (DLS) tech-
nique was investigated to reveal the change of size distribution after
surface modification (Fig. S1). We observed that the hydrodynamic
diameter of UCNPs increased after PAA and PAH modification,
respectively. Besides, the successful modification of UCNPs with
PAA and PAH coating was also confirmed by FT-IR (Fig. 2e). The
transmission band at 1731 cm™! is attributed to the ~-COOH on the
surface of PAA-UCNPs. While the bands at 1560 cm~' and
1479 cm™! can be assigned to amide II, and the band at 1321 cm™!
is attributed to amide III, indicating the existence of PAH coating
[48]. The upconversion luminescence spectrum of UCNPs and the
surface modified UCNPs were determined by using a 980 nm laser
as the excitation source, revealing the typical upconversion lumines-
cence peaks of Er** doped UCNPs around 540 nm and 650 nm,
whether the surface modification or not (Fig.2f). Finally, XRD
patterns of synthesized PAH-PAA-UCNPs were analyzed (Fig.2g).
We observed that all sharp diffraction peaks at approximately
17.1°, 29.9°, 30.8°, 34.7°, 39.8°, 43.5°, 46.5°, 53.1° and 53.7° corre-
sponds well to (100),(110),(101),(100),(111),(201),(210),
(100) and (21 1) lattice planes of the typical hexagonal phase of
B-NaYF, (JCPDS 16-0334).

3.2. Determination of cellular uptake of UCNPs

To determine the cellular uptake of PAH-PAA-UCNPs, we
exposed the rBMSCs to varied concentrations of PAH-PAA-UCNPs

100 pg/mL.  (e) 200 pg/mL

100 pm

Fig. 3. Uptake of PAH-PAA-UCNPs into rBMSCs. Confocal laser scanning microscopy images of rBMSCs after treatment with PAH-PAA-UCNPs (excited by 980 nm light) at
concentration of (a) 0, (b) 25, (c) 50, (d) 100 and (e) 200 pg/mL for 24 h. All images were taken under the identical instrumental condition and presented at the same intensity
scale. Blue and green colors represent blue fluorescence and upconversion luminescence signals form DAPI (nucleus staining) and PAH-PAA-UCNPs, respectively. Scale bar:
100 pum. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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(0,25, 50,100 and 200 pg/mL) for 24 h and imaged the cells using a
confocal laser scanning microscopy with 980 nm exciting light
source (Fig. 3). We observed upconversion luminescence from all
rBMSCs exposed to PAH-PAA-UCNPs and quantified the uptake of
UCNPs in terms of fluorescence intensity (as fluorescent area per
cell). The fluorescence intensity increased with increasing
nanoparticle concentrations ranging from 25 pg/mL to 200 pg/mL
(Fig. 3b-e and Fig. S2), indicating a dose-dependent uptake. No
fluorescence in the control group (i.e., cells incubated without
any nanoparticle) was observed (Fig. 3a). This result indicates that
the rBMSCs were efficiently labeled with PAH-PAA-UCNPs. Also
from the fluorescent images, we found that the nanoparticles were
mainly located at the cytoplasmic and the perinuclear regions,
which is consistent to the results reported in literature [37]. Wang
et al. studied the cellular uptake mechanism and believed that the
cellular uptake of UCNPs could likely via the energy dependent
endocytosis [37].

3.3. Cell viability and cell cycle

To assess the effect of nanoparticle labeling on cell proliferation,
rBMSCs were exposed to PAH-PAA-UCNPs for 24h and then
cultured in osteogenic medium for further osteogenic differentia-
tion. We observed that cell number increased from day 1 to day
7 in all groups (Fig. 4a). Besides, cell viability at day 1 decreased
with increasing nanoparticle concentration, indicating the poten-
tial cytotoxic effect of PAH-PAA-UCNPs. For instance, the dose-
dependent cell viabilities at day 1 were 85 + 8%, 77 + 7%, 56 + 5%
and 44 + 2% respectively. At day 7, cell viability decreased signifi-
cantly only at the concentration of 100 pg/mL and 200 pg/mL
(p<0.01) (Fig.4b), indicating a negligible cytotoxic effect of
PAH-PAA-UCNPs when the concentration is less than 50 pig/mL.
Additionally, when the concentration increased to 200 pg/mL, cell
viability on day 7 decreased sharply to 25 + 6%, even lower than
that on day 1, indicating a strong cytotoxicity of PAH-PAA-UCNPs
at 200 pg/mL.

To further study the effect of PAH-PAA-UCNPs uptake on cell
proliferation, we analyzed cell cycle of rBMSCs by performing
DNA staining with propidium iodide after 7 days of osteogenic
induction (Fig. 4c). The percentage of DNA synthesis (S) phase +
gap 2/mitosis phase (G2/M) in cell cycle could be reflected the
effect of PAH-PAA-UCNPs on rBMSCs proliferation. We observed
that the percentage of nanoparticle-treated rBMSCs in GO/G1 phase
increased significantly (p < 0.01) than that in control group, while
the percentage of S + G2/M phase of rBMSCs decreased significantly
(p <0.01) at the concentration of 100 and 200 pg/mL. It indicates
that PAH-PAA-UCNPs do affect cell proliferation of rBMSCs
when exposed to high nanoparticle concentration (e.g., 100 and
200 pg/mL), agreeing with the cell viability results.

Previous studies have reported that PAH was commonly used as
a surface modifier of nanoparticles to improve their hydrophilicity
and biocompatibility [49,50]. Moreover, PAH as a positively-
charged polyelectrolyte to coat the surface of nanoparticles can
efficiently enhance the cellular uptake of nanoparticles due to
the negative charge of cell surface [51]. It was revealed that the
cytotoxicity of nanoparticles relied on the concentration for differ-
ent cell lines [43]. For example, Wang et al. [52] reported the
influence of PAH-coated gold nanoparticles with the different
treatment doses and found that higher treatment doses induced
higher cytotoxicity. In the present work, cell viabilities at day 1
decreased with increasing PAH-PAA-UCNPs concentration, indicat-
ing a does-dependent cytotoxicity, which was consistent with the
previous studies. Although the cytotoxicity of UCNPs depends on
their concentration, the mechanisms of UCNP-induced cytotoxicity
are still debatable. It is known that many of the nanomaterials
may induce oxidative stress to cells by producing reactive oxygen
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Fig. 4. Relative cells number (a), cell viability (b) determined by CCK-8 and cell
cycle (c) analyzed by flow cytometer. The rBMSCs were exposed to different
concentration of PAH-PAA-UCNPs (0, 25, 50, 100 and 200 pg/mL) for 24 h, then the
cells were cultured in osteogenic medium. CCK-8 tests were carried out at day 1 and
day 7 after osteo-induction, while cell cycle analyses were conducted at day 7. Data
was expressed as mean * SD. (n =5 for each sample). Double asterisks (x) denote
statistical significance p < 0.01 compared with control group (concentration of PAH-
PAA-UCNPs: 0 pg/mL).

species (ROS), which can damage proteins, DNA and lipids, leading
to a high degree of cytotoxicity [53]. However, some other
researchers used a dihydroethidium (DHE) probe to assess intra-
cellular peroxide and superoxide levels in MSCs and their results
demonstrated that DHE levels were not significantly higher in
UCNPs treated groups compared to control, indicating little ROS
generation was induced by cellular uptake of UCNPs [37]. One pos-
sible mechanism of toxicity was proposed by Zhang et al. [44],
which suggested that the releasing of metal ions and ligands from
UCNPs was responsible for cytotoxicity. Despite all this, most stud-
ies only focused on acute cytotoxicity and investigated cell viabil-
ity within 48 h. For the differentiation of rBMSCs, the long-lasting
effect of UCNPs on cell viability should also be taken into consider-
ation during a long differentiation process. Our results showed that
after 7 days of osteogenic induction, the PAH-PAA-UCNPs showed
negligible cytotoxicity to rBMSCs with concentrations of less than
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50 pg/mL. Even though cell viability decreased as a function of
nanoaprticle concentration, it did not hit below 50% at the concen-
tration of 100 pg/mL. Therefore, the synthesized PAH-PAA-UCNPs
showed no long-term cytotoxic effect on the rBMSCs within the
reasonable concentrations.

3.4. Cell differentiation

To investigate the osteogenic differentiation of rBMSCs labeled
with PAH-PAA-UCNPs, we assessed alkaline phosphatase (ALP)
activity, the expression of Runx 2, OPN (osteopontin) and OC
(osteocalcin), Fig. 5. We studied the normalized ALP activity of
the labeled rBMSCs after 7 and 10 days of osteo-induction and
observed no significant differences (p >0.05) in ALP activity
between groups treated with different nanoparticle concentration
either at day 7 or day 10, but ALP activity at day 10 was higher than
that at day 7 (Fig.5a). It suggests that there is no significant
influence of PAH-PAA-UCNPs on the ALP activity of rBMSCs in
the tested range of nanoparticle concentrations.

We further analyzed the expressions of osteogenesis relative
proteins (i.e., Runx 2, OPN and OC) in rBMSCs treated with
PAH-PAA-UCNPs for 14 days by using RT-PCR (Fig. 5b). For Runx
2 and OC, the relative mRNA expression result revealed that there
was no significant difference (p > 0.05) in the groups treated with
PAH-PAA-UCNPs at concentrations of 25, 50 and 100 pg/mL
compared with control group. When the concentration of
PAH-PAA-UCNPs increased to 200 pg/mL, the mRNA expression
levels decreased significantly (p<0.01). The relative mRNA
expression level of OPN was significantly lower (p<0.01) in
rBMSCs exposed to PAH-PAA-UCNPs at concentration of 100 and
200 pg/mL compared with control group. All these results indicate

(C))

0.07 ~

that the osteogenic differentiation capacity of rBMSCs could not be
affected by the exposed PAH-PAA-UCNPs at reasonable concentra-
tion (<50 pg/mL).

Production of the mineralized nodules is an important indicator
for osteogenic differentiation [54]. To further investigate the effect
of PAH-PAA-UCNPs on osteogenic differentiation of the labeled
rBMSCs, we stained the cells with Alizarin Red S after 21 days of
osteo-induction (Fig. 6a—e). We observed the orange-red precipi-
tates in all groups, indicating that the labeled rBMSCs could main-
tain the capability of osteogenic differentiation. To quantify the
effect of nanoparticle concentration on osteogenic differentiation,
we measured the precipitated orange-red nodules in terms of O.
D. at 570 nm and found that the production of the mineralized
nodules in the groups of 100 pg/mL and 200 pg/mL was signifi-
cantly lower compared to the control group (Fig. 6f). This result
suggests that the UCNPs-labeled rBMSCs in certain range of con-
centrations show little difference in osteogenic differentiation
capacity, which is consistent with the PCR results.

To investigate whether PAH-PAA-UCNPs can be used to track
rBMSCs during their osteogenesis process, rBMSCs were exposed
to PAH-PAA-UCNPs at concentration of 50 pg/mL based on the
above results, and then induced in the osteogenic differentiation
medium for 21 days. Cells were tracked at day 5, day 14 and day
21 via confocal microscopy (Fig. 7). OC, as a typical protein synthe-
sized only by osteoblast, was detected by immunofluorescent
assay to determine whether osteogenic differentiation occurred
or not. We found that rBMSCs were positive to OC after 14 days
of osteoinduction, and OC expression increased gradually with
incubation time, while strong upconversion fluorescence was
always observed in the labeled rBMSCs during the whole process
of osteogenic differentiation. These results indicate that
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Fig. 5. In vitro osteogenic differentiation capacity of rBMSCs after exposure to PAH-PAA-UCNPs with different concentrations. (a) Normalized alkaline phosphatase activity
expression by rBMSCs. After treatment with PAH-PAA-UCNPs (0, 25, 50, 100 and 200 png/mL) for 24 h, the rBMSCs were cultured in the osteogenic medium and ALP activity
was analyzed at day 7 and 10 after osteogenic induction. Data was expressed as mean + SD. (n =5 for each sample). No significant differences (p > 0.05) are found either
at day 7 or day 10. (b) The influence of PAH-PAA-UCNPs treatment on osteogenic genes expression. Real-time PCR was performed with rBMSCs treated as in (a) at day 14 after
osteo-induction to analyze the expression of Runx 2, OPN and OC. Each bar represents mean + SD from three independent experiments, and each performed in triplicate.
Double asterisks (x*) denote statistical significance p < 0.01 compared with control group (concentration of PAH-PAA-UCNPs: 0 pg/mL).



206 Y. Ma et al./Acta Biomaterialia 42 (2016) 199-208

3 B Alizarin Red
E2 .
<4 *k
=
w
=1
=
=]
-0
0 25 50 100 200

Concentration of UCNPs (pg/mL)

Fig. 6. Alizarin red S staining for mineralized nodular structures for osteogenesis. (a) 0, (b) 25, (c) 50, (d) 100 and (e) 200 pg/mL PAH-PAA-UCNPs were added to the rBMSCs
for 24 h and then the osteogenic medium was used. Alizarin red S was conducted at day 21 after osteo-induction. (f) The quantitative result of retention of Alizarin red S. Data
were expressed as means + SD (n =3 for each sample). Double asterisks (xx) denote statistical significance p <0.01 compared to data obtained from the control. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Weight light DAPI

Day 5

Day 14

Day 21

Fig. 7. In vitro tracking of rBMSCs during osteogenic differentiation using PAH-PAA-UCNPs. The cultured rBMSCs were treated with 50 pg/mL PAH-PAA-UCNPs first, and then
induced by osteogenic differentiation medium for 21 days. Osteogenic differentiation was analyzed by immunofluorescent staining method. Confocal laser scanning
microscopy images of rBMSCs were taken after 5 days, 14 days and 21 days of osteoinduciton. Blue color: nucleus staining. Red color: immunofluorescent staining for OC.
Green color: upconversion luminescence signals from PAH-PAA-UCNPs. Scale bar: 50 um. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

PAH-PAA-UCNPs can be used to track the osteogenesis process of
rBMSCs in vitro.

Stem cells have found widespread applications in tissue engi-
neering and regenerative medicine, where the fate of the trans-
planted stem cells remains unclear. Therefore, we reported the

application of recently developed UCNPs to label and track stem
cells. To address this challenge, UCNPs need to remain in stem cells
without exocytosis during a long-term tracking period. Indeed,
various factors including cell type, physicochemical properties of
nanoparticles, nanoparticles concentration, cellular incubation
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time and distribution of nanoparticles into organelles have been
shown to affect the exocytosis of nanoparticles [55]. Previously,
studies have confirmed that the internalized UCNPs within MSCs
did not leak out via exocytosis for 10-day and 14-day periods,
respectively [37,56]. In our study, PAH-PAA-UCNPs could stay
within the rBMSCs for 21 days after cellular uptake, which was in
agreement with previous observations. In the present work, the
natural acidification within the endosome may protonate PAH on
the surface of the internalized PAH-PAA-UCNPs, inducing chloride
ion influx, osmotic swelling and then destabilization of the vesicle,
leading to release of PAH-PAA-UCNPs into the cytoplasm [57].
Stayton et al. [58] showed that nanoparticles that leave the vesicles
or lysosomes and translocate into the cytoplasm have greater dif-
ficulty in exocytosis. Additionally, the prolonged pre-incubation
time (24 h) in our study could also be responsible for the extension
of the intracellular nanoparticles retention [55]. During a 24 h
incubation with PAH-PAA-UCNPs, nanoparticles probably had
more chance to be transported to the slow recycling compart-
ments, leading to a lower exocytosis rate [55,59]. Besides, it was
also required that the nanoparticles could be biocompatible with-
out impairing the differentiation capacity of stem cell. Herein, we
then investigated the influence of PAH-PAA-UCNPs on osteogenic
differentiation of the labeled rBMSCs. Osteogenic differentiation
capacity of the labeled rBMSCs was found to be independent of
PAH-PAA-UCNPs in the certain range of concentration (0-50 pig/mL),
as reflected at protein level (ALP activity), gene level (expression
of proteins related with the osteogenesis, e.g., Runx 2, OPN and
0C) and the formation of the mineralized nodules. Although
cell viabilities at day 1 decreased with increasing nanoparticle
concentration, a 24 h incubation with 50 pig/mL PAH-PAA-UCNPs
showed good biocompatibility, which could effectively label
rBMSCs and then successfully track them in their osteogenesis
process in vitro. Furthermore, although the rBMSCs labeled with
PAH-PAA-UCNPs at concentrations of less than 50 pg/mL exhibited
similar differentiation capacity as the unlabeled control group,
in vivo study is needed in future.

4. Conclusion

In summary, we prepared upconversion nanoparticles for cell
labeling and then tracked rBMSCs in the osteogenesis process
in vitro. The modified NaYF,:Yb>* Er>* UCNPs with positive charge
using PAA and PAH (ie., PAH-PAA-UCNPs) were synthesized to
enhance their biocompatibility and cellular uptake, leading to the
improved cell labeling efficiency. We systematically studied the
long-term effect of PAH-PAA-UCNPs on the labeled rBMSCs during
the osteogenic differentiation process and found no significant dif-
ference in cell viability and differentiation capacity in a certain
range of nanoparticle concentrations (0-50 pg/mL). Additionally,
PAH-PAA-UCNPs at concentration of 50 pg/mL showed a great per-
formance in biocompatibility and stability that could track rBMSCs
in the osteogenesis process. Hence, these surface modified NaYF,:
Yb3*Er** UCNPs held great potentials as fluorescent nanoprobes
for stem cell labeling and tracking to better understand the mech-
anism of stem cell fate in tissue engineering, stem cell therapy, etc.
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