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NaYF4 nanoparticles cause the
necrosis of primary mouse bone marrow stromal
cells through lysosome damage†

Kun Ge,ab Wentong Sun,a Shaohan Zhang,a Shuxian Wang,*b Guang Jia,a

Cuimiao Zhanga and Jinchao Zhang*a

Applications of europium-doped NaYF4 (NaYF4:Eu
3+) nanoparticles in biomedical fields will inevitably

increase their exposure to humans, therefore, the assessment of toxicities must be taken into

consideration. It was reported that NaYF4:Eu
3+ nanoparticles could accumulate in the bone. However,

the potential effect of NaYF4:Eu
3+ nanoparticles on bone marrow stromal cells (BMSCs) has not been

reported. In this study, NaYF4:Eu
3+ particles with diameters of 50 and 200 nm (NY50 and NY200) were

prepared and characterized by scanning electron microscopy, transmission electron microscopy,

powder X-ray diffraction, photoluminescence excitation and emission spectra, and dynamic light

scattering. The cytotoxicity of NaYF4:Eu
3+ particles on BMSCs and the associated mechanisms were

further studied. The results indicated that NaYF4:Eu
3+ particles could be uptaken into BMSCs and

primarily localized in the lysosome. NaYF4:Eu
3+ particles effectively inhibited the viability of BMSCs in

a size-dependent manner at 24 and 48 h. After cells were treated with 20 mg mL�1 of NY50 and NY200

for 24 h, NaYF4:Eu
3+ particles could trigger cell necrosis in a size-dependent manner. The percentage of

necrotic BMSCs (PI+/Annexin V�) increased to 15.93 and 14.73%. Necrosis was further verified by

increased lactate dehydrogenase leakage. Meanwhile, both NY50 and NY200 induced an increased cell

population in the S and G2/M phases. The following mechanism is involved in NaYF4:Eu
3+ particle-

induced BMSCs necrosis: the NaYF4:Eu
3+ particles lead to lysosomal rupture by lysosomal swelling,

permeabilization of lysosomal membranes, and increased cathepsins B and D. In addition, NaYF4:Eu
3+

particle-induced BMSCs necrosis is also directly caused by the overproduction of ROS through injury to

the mitochondria. This study provides novel evidence to elucidate the toxicity mechanisms for bone

metabolism and may be beneficial to more rational applications of these nanomaterials in the future.
Introduction

At present, rare earth-based nanomaterials have been widely
used in biomedical elds due to their unique physicochemical
properties. Rare earth uoride compounds have attracted
special interest in luminescence applications. In particular,
NaYF4 is considered to be one of the most efficient host mate-
rials for upconversion phosphors when it is doped with rare
earth ions. Kumar et al. synthesized 20–30 nm Eu3+, Er3+, Yb3+,
and Gd3+ co-doped NaYF4 nanocrystals, and these nanocrystals
were further functionalized by conjugating with tumor-specic
antibodies. They found that the upconversion nanophosphors
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(NaYF4:Er
3+,Yb3+) demonstrated some advantages for in vitro

imaging of cancer cells and in vivo imaging in tissues.1 Shen
et al. reported that the multishell structured nanoprobe
(NaYF4:Yb/Tm@NaLuF4@NaYF4@NaGdF4) displayed great
potential for in vivo upconversion luminescence, X-ray
computed tomography, and magnetic resonance trimodal
imaging. In addition, it also showed great potential for in vivo
targeted upconversion luminescence imaging of tumor-bearing
mice.2 Hou et al. prepared a novel multifunctional dual drug
delivery system based on poly(3-caprolactone)-gelatin encapsu-
lating NaYF4:Yb

3+,Er3+@mSiO2 nanoparticles electrospun
composite bers. This system can offer site-specic dual drug
delivery to lesions of the body and demonstrate potential
application in wound healing or implant in surgery.3 Yet,
despite of such interest, more wide-scale biomedical applica-
tions have been limited largely due to an absence of a thorough
toxicity evaluation. So the level of risk of these rare earth uo-
ride nanomaterials to the general public must be taken into
consideration.
RSC Adv., 2016, 6, 21725–21734 | 21725
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It was reported that b-NaYF4:Ce,Tb nanophosphors showed
toxic effects at sufficiently high concentration in vitro and in
vivo.4 The core–shell structured nanocrystals silica/NaYF4
demonstrated good biocompatibility in vitro and in vivo. Both
skeletal myoblasts and bone marrow stromal cells (BMSCs)
could survive well even at the highest concentration. The lung
and the heart are two target organs. However, they could be
mostly cleared aer day 7 post-injection.5 Toxicity studies of
polyacrylic acid (PAA)-coated upconversion nanophosphors
NaYF4:Yb,Tm (PAA-UCNPs) have been reported. The results
demonstrated that mice could survive for 115 days without any
apparent adverse effects by intravenous injection with 15 mg
kg�1 of PAA-UCNPs. In addition, no overt toxicity of PAA-UCNPs
in mice at long exposure was observed.6 Chen et al. reported
that europium doped NaYF4 particles displayed size-dependent
cytotoxicity for endothelial cells, the damage pathway may be
related to the reactive oxygen species (ROS) generation and
mitochondrial damage.7 The biodistribution experiment
showed that uorine-18 labeled NaYF4 nanoparticles could
accumulate in the bone tissue.8 However, to the best our
knowledge, the effect of NaYF4:Eu

3+ particles on bone metabo-
lism has not been reported.

It is well-known that BMSCs are multipotent stromal cells. As
a cell model, BMSCs have attracted particular attention in stem
cell therapy and tissue engineering elds because they can be
readily isolated and expanded ex vivo and induced either in vitro
or in vivo to terminally differentiate into osteoblasts, chon-
drocytes, adipocytes, etc.9 Ma et al. used BMSCs to evaluate
cytotoxicity of electrospun porous YAG:Nd3+ bers employed in
luminescent drug carriers. The results revealed that these
YAG:Nd3+ bers were biocompatible.10 Liu et al. reported that
carboxylated carbon nanotubes could inhibit the proliferation
and osteogenic differentiation of BMSCs through a Smad-
dependent bone morphogenetic protein signaling pathway.11

Yang et al. found that metallofullerene nanoparticles could
promote osteogenic differentiation of BMSCs through BMP
signaling pathway, moreover, effectively improve bone density
and prevent osteoporosis in vivo.12 Up to now, the effects of
NaYF4:Eu

3+ particles on BMSCs have not been reported. In this
study, we prepared NaYF4:Eu

3+ particles (50 nm and 200 nm)
and used primary mouse BMSCs as a cell model to investigate
the cytotoxicity of NaYF4:Eu

3+ particles on BMSCs and the
associated mechanisms for the rst time.

Materials and methods
Materials

4–6 week ICR mice were purchased from Beijing Vitalriver
Experimental Animal Technology Co. Ltd. All experiments were
performed in compliance with the relevant laws and institu-
tional guidelines, and also state that the Administration Office
Committee of Laboratory Animal has approved the experi-
ments. Dulbecco's modied Eagle's medium (DMEM), fatal
bovine serum (FBS), and trypsin were obtained from Gibco
(Grand Island, NY, USA). 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT), propidium iodide (PI),
and acridine orange (AO) were purchased from Sigma-Aldrich
21726 | RSC Adv., 2016, 6, 21725–21734
(St. Louis, MO, USA). 20,70-Dichlorouorescin diacetate (DCFH-
DA), rhodamine 123 (RH123), LysoTracker Red, LysoTracker
Green and MitoTracker Green were purchased from Invitrogen
(Lifetechnologies, USA). Lactate dehydrogenase (LDH) release
kit and Annexin V-FITC apoptosis detection kit were obtained
from Beyotime Institute of Biotechnology (Jiangsu, China).
Cathepsin B, cathepsin D, Bax, and Bid ELISA detection kits
were purchased from Ha Ling Sheng Wu (Shanghai, China).
RIPA lysis buffer were obtained from BestBio (Shanghai, China).

The chemicals Y2O3 and Eu2O3 with purity of 99.99% were
obtained from Aladdin (Shanghai, China). Y(NO3)3 and
Eu(NO3)3 solutions with concentration of 1.0 M and 0.1 M were
prepared by dissolving the Y2O3 and Eu2O3 in dilute nitric acid
at an elevated temperature, respectively. All the chemical agents
were analytical grade.

Preparation of NaYF4:Eu
3+ particles

NaYF4:Eu
3+ particles with size of 50 nm (labeled as NY50) were

prepared by a hydrothermal route.13 In brief, 1 mL of Eu(NO3)3
(0.1 M), 1.9 mL of Y(NO3)3 (1.0 M), and 4 mmol of trisodium
citrate were mixed in a 20 mL ethylene glycol (EG, 99%) solvent
to form a transparent solution. Then, 3 mmol of NaBF4 was
added to 8mL H2O to form the aqueous solution. Aerward, the
above two solutions were mixed together. Aer being vigorously
stirred for 15 min, the mixtures were transferred into a 50 mL
Teon bottle which was held in a stainless steel autoclave,
sealed, and maintained at 180 �C for 2 h. When the autoclave
was cooled to room temperature naturally, the obtained
precipitate was separated by centrifugation, washed with
deionized water and ethanol for several times. Finally, the
product was dried in air at 70 �C for 12 h to obtain the
NaYF4:Eu

3+ particles.
NaYF4:Eu

3+ particles with size of 200 nm (labeled as NY200)
were prepared according to the literature.14,15 An aqueous
solution of Eu(NO3)3 and Y(NO3)3 (total molar is 0.7 mmol,
molar ratio: Y/Eu ¼ 98 : 2) was mixed with a 25 mL aqueous
solution of ethylenediamine tetraacetic acid disodium salt
(EDTA) under vigorous magnetic stirring. Then, 10 mL of NaF
aqueous solution (the molar ratio of lanthanide/EDTA/NaF is 1/
1/12) was added into the above solution and stirred for 1 h. The
mixing solution was transferred into a 50 mL autoclave which
was sealed, and maintained at 180 �C for 2 h, then cooled to
room temperature naturally. The resulting white precipitate was
separated by centrifugation, washed with deionized water and
ethanol for several times. Finally, the product was dried in air to
obtain the nal NaYF4:Eu

3+ sample.

Characterization of NaYF4:Eu
3+ particles

The morphology and structure of the NaYF4:Eu
3+ particles was

characterized by scanning electron microscope (SEM) (JEOL,
JSM-7500F, JPN) and transmission electron microscopy (TEM)
(Tecnai G2, S-Twin, FEI). The NaYF4:Eu

3+ particles were char-
acterized by X-ray diffractometer (XRD) (Bruker, D8 Advance,
GER) equipped with a rotation anode CuKa radiation in the
range of 20–80� in steps of 0.02� for the determination of crystal
structure and phase. The excitation and emission spectra were
This journal is © The Royal Society of Chemistry 2016
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record on a spectrophotometer (Hitachi, F-4500 FL, JPN) with
a Xenon lamp as the excitation source at room temperature. The
size distribution of the NaYF4:Eu

3+ particles in culture condi-
tion was evaluated by dynamic light scattering (DLS) (Beckman
Coulter, Delsa Nano C, USA).

Isolation and culture of primary BMSCs

The mouse primary BMSCs were obtained from 4–6 week ICR
mice.16 In brief, mice were executed by cervical vertebra, femora
and tibiae were aseptically harvested, and the whole bone
marrow was ushed by supplemented DMEM in a 1 mL syringe
and a 25 gauge needle. Cells were maintained in DMEM sup-
plemented with 10% FBS and 100 U mL�1 penicillin-
streptomycin in a humidied atmosphere of 5% CO2 at 37 �C.
The medium was replaced every 3 d in all experiments, the
nonadherent cells were removed by fresh DMEM.

Cell viability assay

MTT assay was used to detect the viability of BMSCs treated with
NaYF4:Eu

3+ particles.17 Briey, BMSCs (1 � 105 cells per well)
were seeded in 96 well culture plates and cultured at 37 �C in
a 5% CO2 humidied incubator overnight. NY50 and NY200
were added to wells at nal concentrations of 10, 20, 40, 60, and
80 mg mL�1. Control group was prepared by addition of DMEM,
and blank group was set by addition of DMEM without cells.
Aer treatment for 24, and 48 h, MTT solution (5.0 mg mL�1)
was added and incubated for 4 h at 37 �C. The supernatant was
removed and 100 mL dimethylsulfoxide (DMSO) was added
to the wells. The optical density (OD) value was read at a wave-
length of 570 nm by a microplate reader (Molecular Devices,
VersaMax, USA). The cell viability (%) was calculated according
to the formula: (ODtreated � ODblank)/(ODcontrol � ODblank) �
100.

Uptake studies

The uptake studies were performed by ow cytometry.18 In brief,
BMSCs were seeded in six-well plates at 5 � 106 cells per well
and cultured overnight. Then the cells were treated with NY50
and NY200 at a concentration of 20 mg mL�1 for 4 h. Then the
cells were washed three times with 0.01 M phosphate-buffered
saline (PBS), digested by trypsin solution, and resuspended in
PBS. The uptake of particles was analyzed by a FACScalibur ow
cytometer (Becton Dickinson, USA) and the side scatter data
were analyzed using CELLQuest 6.0 soware.

Subcellular localization

The subcellular localization of NY50 and NY200 in BMSCs was
studied according to the literature as described by Chen et al.7

In brief, cells were seeded on a 30 mm cell culture coverlips at
2.5 � 106 cells per well and cultured for 4 days. Then cells were
incubated with NY50 and NY200 at a concentration of 20 mg
mL�1 for 4 h. Aer that, cells were treated with LysoTracker Red
(100 nmol L�1) and MitoTracker Green (100 nmol L�1) for 30
min, then washed with PBS three times. Aerwards, the intra-
cellular localization was detected by a confocal laser microscope
This journal is © The Royal Society of Chemistry 2016
(Olympus, IX81, JPN). Fluorescence from NaYF4:Eu
3+ particles,

LysoTracker Red and MitoTracker Green was excited at 405, 559
and 488 nm, respectively.

Annexin V/PI assay

The cell apoptosis or necrosis was measured by Annexin V-FITC/
PI assay as described by Aubry et al.19 Briey, BMSCs were
seeded in six-well plates at 5 � 106 cells per well and incubated
for 4 days. Aer treatment by NY50 and NY200 at a concentra-
tion of 20 mgmL�1 for 24 h, cells were harvested and centrifuged
at 1000 � g for 5 min. Then 100 mL cell suspension was mixed
with 5 mL Annexin V-FITC and 5 mL PI, and further incubated in
the dark at room temperature for 15 min. The uorescence
intensity of Annexin V-FITC was analyzed at an excitation/
emission wavelength of 488/530 nm, PI uorescence analysis
was performed at an excitation/emission wavelength of 488/617
nm by FACScalibur ow cytometer, respectively. The data were
analyzed by CELLQuest 6.0 soware.

Measurement of LDH

LDH in culture supernatant was measured using a LDH assay
kit.20 Briey, BMCSs were seeded in 96 well plates at 1 � 105

cells per well and incubated for 4 days. Then NY50 and NY200
with a concentration of 20 mg mL�1 were added to culture
medium. Aer 24 h treatment, the plates were centrifuged at
400g for 5 min, 60 mL cell-free supernatant was incubated with
30 mL LDH substrate solution for 30 min, and then the absor-
bance at 490 nm was recorded on a microplate reader (Molec-
ular Devices Versamax, USA) with the 610 nm as a reference. The
LDH release over the max (%) was calculated according to the
following formula:

LDH release (%) ¼ (ODtest � ODbackground)/(ODTriton X-100

� ODbackground) � 100.

Swelling of lysosome assay

Swelling of lysosome was measured as described by Liu et al.21

Briey, BMSCs were seeded in 30 mm cell culture coverlips at
2.5 � 106 cells per well at 37 �C under 5% CO2. Then cells were
exposed to 20 mg mL�1 NY50 and NY200 for 24 h at 37 �C. The
medium was replaced with fresh prewarmed medium contain-
ing 75 nM LysoTracker Green, and the cells were further incu-
bated for 30 min. Aer being washed twice by ice-cold PBS, the
cells were analyzed by confocal microscopy. Fluorescence from
LysoTracker Green was excited at 488 nm.

Lysosomal stability analysis

The lysosomal stability was assessed by using AO relocation
assay.22 In brief, BMSCs were seeded into 30 mm cell culture
coverlips at 2.5 � 106 cells per well at 37 �C under 5% CO2. Aer
being treated by 20 mg mL�1 NY50 and NY200 for 24 h at 37 �C,
BMSCs were washed twice with PBS, digested by trypsin solu-
tion. BMSCs were stained with 5 mg mL�1 AO for 15 min at 37
�C, washed and resuspended in PBS. The red uorescence
RSC Adv., 2016, 6, 21725–21734 | 21727
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(channel 2) of 10 000 cells was recorded on a logarithmic scale
by ow cytometer. Results were expressed as means of the
population uorescence.
Cathepsin B, cathepsin D, Bax, and Bid activity measurement
assay

The activity of cathepsin B, cathepsin D, Bax, and Bid was
measured using the cathepsin B, cathepsin D, Bax, and Bid
ELISA detection kits. Briey, cells were seeded in 6 well culture
plates at 5 � 106 cells per well. Aer treatment with 20 mg mL�1

NY50 and NY200 for 24 h, cells were washed twice with PBS,
digested by trypsin solution, and resuspended in PBS. Aer
lysed by RIPA, the lysates were centrifuged at 3000 rpm for 20
min, and the supernatant was collected. The activity of
cathepsin B, cathepsin D, Bax, and Bid was measured according
to the manufacturer's instruction.
Measurement of the intracellular ROS

The level of ROS was determined by using DCFH-DA.23 In brief,
BMSCs were seeded in six well plates at 5 � 106 cells per well,
incubated for 4 days and then treated with NY50 and NY200 at
a concentration of 20 mg mL�1 for 24 h. The cells were further
incubated with DCFH-DA solution (6 mmol L�1) in DMEM
without serum for 30 min. Then cells were washed twice by PBS,
digested with trypsin solution, and centrifuged at 1000 � g for 5
min, and the supernatant was discarded. The pellets were
resuspended in PBS, and detected by ow cytometer. The data
were analyzed by CELLQuest 6.0 soware, and 10 000 events
were acquired in histograms. The ROS level was expressed as
the ratio of mean intensity of sample/mean intensity of control
cells.
Measurement of mitochondrial membrane potential (MMP)

The MMP was measured by RH123 dye.24 In brief, BMSCs were
seeded in six well plates at 5 � 106 cells per well and incubated
for 4 days. Aer treatment as described above, cells were washed
twice by PBS, digested by trypsin solution, and stained by
RH123 (10 mmol L�1) for 30 min in the dark at 37 �C and then
analyzed using ow cytometer. Fluorescent signal intensity was
examined with CELLQuest 6.0 soware. For each sample,
10 000 events were collected.
Cell cycle analysis

The cell cycle analysis was performed as described by Ferlini
et al.25 In brief, BMSCs were treated with NY50 and NY200 at
a concentration of 20 mg mL�1 for 24 h. Then cells were har-
vested and xed by 70% ice-cold ethanol at 4 �C overnight. Aer
being washed twice with PBS, cells were stained by a solution
containing 50 mg mL�1 of PI and 100 mg mL�1 RNase for 30 min
in the dark at room temperature. The stained cells were
analyzed by the FACScalibur ow cytometer, 20 000 cells per
sample were acquired in histograms and data were analyzed
with Modt 3.2 soware.
21728 | RSC Adv., 2016, 6, 21725–21734
Toxicity in vivo

For the detailed procedures of the toxicity evaluation in vivo,
such as coefficients of liver, spleen and kidney, biochemical
assay of serum, and blood-element test, see the ESI.†
Statistical analysis

The results are shown as mean � standard deviation (SD),
measured at least for three separate experiments. Student's t
test was used for comparison of two means. P values less than
0.05 were considered statistically signicant at the 95% con-
dence interval.
Results
Characterizations of NaYF4:Eu

3+ particles

Fig. 1A shows the SEM image of NY50. It can be clearly seen that
the sample consists of quasi-spherical nanoparticles with
diameters about 50 nm, which can be conrmed by the TEM
images (Fig. 1B and C). Fig. 1D–F show the SEM and TEM
images of sample NY200. One can observe that the sample is
composed of monodisperse nanospheres with diameters of
about 200 nm, which are non-aggregated with narrow size
distribution. The corresponding selected area electron diffrac-
tion (SAED) patterns of the samples (insets in Fig. 1C and F),
taken from the two samples, show diffuse rings, indicating that
NaYF4:Eu

3+ samples are polycrystalline. Fig. 1G shows the XRD
patterns of NY50 and NY200. All the diffraction peaks of the
samples can be well indexed as the cubic phase of NaYF4 (JCPDS
no. 77-2042). No additional peak of other phases can be detec-
ted, indicating the formation of pure cubic phase of NaYF4 and
revealing that the Eu3+ ions have been effectively doped into the
NaYF4 host lattice.

The photoluminescence (PL) properties of the NaYF4:Eu
3+

were characterized by PL excitation and emission spectra. From
the PL spectra (Fig. 1H and I), it is noted that the samples with
different particle sizes exhibit the similar spectral patterns
without any emission band shi. The excitation spectra consist
of the characteristic absorption peaks of Eu3+ corresponding to
the direct excitation from the Eu3+ ground state into the higher
excited states of the Eu3+ f-electrons. The dominant peak is
centered at 394 nm, which can be assigned to the 7F0,1–

5L6
transitions of Eu3+ ions. Under excitation at 394 nm, the emis-
sion spectra of the NaYF4:Eu

3+ samples exhibits the character-
istic emission peaks of Eu3+ ions, originating from the
transitions from the 5D0 excited state to the 7FJ (J¼ 6, 5, 4, 3) (J¼
1, 2, 3, 4) transitions, respectively. The dominating emission
centered at 594 nm corresponds to the 5D0–

7F1 magnetic dipole
transition, which indicates that Eu3+ ions locate in an inversion
symmetry site in NaYF4 matrix.

As the nanomaterials enter into the physiological environment,
theymay tend to form the state of aggregation. So wemeasured the
hydrodynamic diameters of the particles by DLS. As shown in
Fig. 1J and K, the calculated particle sizes from DLS are similar to
those of the samples observed from the SEM and TEM, which
indicates that the NaYF4:Eu

3+ particles were not seriously aggre-
gated when they were added into cell culture medium.
This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Characterization of NaYF4:Eu
3+ particles. (A and D) SEM images of NY50 (A) and NY200 (D). (B, C, E and F) TEM images of NY50 (B and C)

and NY200 (E and F). Insets in (C and F) are the corresponding SAED patterns of the samples. (G) XRD patterns of NY50 and NY200. The standard
data (red) of cubic NaYF4 (JCPDS no. 77-2042) is presented as a reference. (H and I) PL excitation (dotted line) and emission (solid line) spectra for
NY50 (H) and NY200 (I). (J and K) the DLS of NY50 (J) and NY200 (K).
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Uptake and cytotoxic effect of NaYF4:Eu
3+ particles on BMSCs

Fig. 2A shows that NY50 and NY200 with concentration of 20 mg
mL�1 can be uptaken by BMSCs at 4 h. As shown in Fig. 2B and
C, aer 24 and 48 h exposure to NY50 and NY200, the viability of
BMSCs was markedly decreased. The effect of NY50 and NY200
on BMSCs viability was related to the particle size at 24 h and 48
Fig. 2 The cell uptake and cytotoxicity of NY50 and NY200 for BMSCs. (A
The effects of NY50 and NY200 on BMSCs viability for 24 h (B) and 48 h

This journal is © The Royal Society of Chemistry 2016
h, moreover, the smaller particles (NY50) showed greater
toxicity to BMSCs.

Subcellular location

As shown in Fig. 3, the higher co-localization signal (pink) of red
uorescence with lysosome and blue uorescence with NY50
) Uptake of NY50 and NY200 by BMSCs after 4 h incubation. (B and C)
(C). (**P < 0.01 and ***P < 0.0001 vs. control, n ¼ 3).

RSC Adv., 2016, 6, 21725–21734 | 21729
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Fig. 3 Subcellular localization of NY50 and NY200 in BMSCs using laser scanning confocal microscopy.
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and NY200 demonstrated that NaYF4:Eu
3+ particles were

primarily distributed in lysosome. Conversely, a very lower co-
localization signal (cyan) indicated that NaYF4:Eu

3+ particles
were slightly localized in mitochondria.
Necrotic analysis for BMSCs

The death mode of BMSCs treated with NY50 and NY200 was
evaluated by ow cytometry. As shown in Fig. 4A, an apparent
toxic effect of NY50 and NY200 on BMSCs could be visibly
identied to be 15.93 and 14.73% of cellular necrosis (PI+/
Annexin V�), suggesting that the cytotoxicity of NY50 and NY200
is mainly caused by the necrosis-related cell death. Meanwhile,
the population of necrotic cells in NY50-treated BMSCs is more
than NY200-treated BMSCs (Fig. 4B). As shown in Fig. 4C, it can
be further found that NY50 and NY200 cause signicant
increase in the LDH release, and LDH is enhanced remarkably
by NY50 treatment compared with NY200.
Fig. 4 (A) Evaluation of the necrosis modes of BMSCs treated with NY5
release in BMSCs treated with NY50 and NY200. (D) Cell cycle of BMSCs
and ###P < 0.0001 indicated as NY50 vs. NY200).

21730 | RSC Adv., 2016, 6, 21725–21734
Both NaYF4:Eu
3+ particles induced an increased cell population

in S and G2/M phase following treatment with concentration of 20
mg mL�1, while the percentage of cells in G0/G1 phase were
declined (Fig. 4D). The results indicated that the size of particles
affect the accumulation of BMSCs in the S and G2/M phase, NY50
showed an signicant accumulation in S phase.
Lysosomal lesion pathway for BMSCs

The volume of lysosome signicantly increased in the NY50 and
NY200-treated cells compared with that of control cells (Fig. 5A).
Meanwhile, the intensity of red uorescence in AO-exposed
BMSCs was signicantly decreased aer NY50 and NY200-
treatment compared with that of control cells (Fig. 5B), which
reects that the number of intact lysosomes has been
decreased.

Intracellular ROS level in BMSCs has an approximately 1.2-
and 1.1-fold increase compared with the control group aer
0 and NY200. (B) Statistic analysis of necrotic cell population. (C) LDH
incubated with NY50 and NY200. (***P < 0.0001 vs. control, #P < 0.05

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Lysosomal swelling (A), lysosomal stability (B), ROS (C), MMP (D), cathepsins B level (E), cathepsins D level (F), Bax level (G) and Bid level (H)
of BMSCs incubated with NaYF4:Eu

3+ particles. (**P < 0.01 and ***P < 0.0001 vs. control, ##P < 0.01 and ###P < 0.0001 indicated as NY50 vs.
NY200).
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NY50 and NY200-treatment for 24 h (Fig. 5C), moreover, BMSCs
exposed to NY50 exhibited a higher DCF uorescence intensity
in comparison with BMSCs exposed to NY200 (Fig. 5C). As
shown in Fig. 5D, aer incubation by NaYF4:Eu

3+ particles, the
MMP was dropped.

In addition, NY50 and NY200 at a concentration of 20 mg
mL�1 could notably increase the activity of cathepsin B,
cathepsin D, Bax, and Bid. Meanwhile, cathepsin B, cathepsin
D, Bax, and Bid value induced by NY50 have signicant differ-
ence from NY200 (Fig. 5E–H).
Discussion

Applications of nanotechnology have increased the chance of
human exposure to nanomaterials, therefore, the assessment of
toxicities is essential. Because the organisms are extremely
complex, and it could lead to unique biological outcomes when
nanostructures interact with biological components. Liu et al.
evaluated the toxicity of Eu3+-doped Gd2O3 (Gd2O3:Eu

3+) nano-
tubes in mouse. Aer 60 days of intraperitoneal injection, there
was no signicant difference of body weights between the
This journal is © The Royal Society of Chemistry 2016
control and all experimental groups. Gd2O3:Eu
3+ nanotubes at

dose of 125 mg kg�1 might lead to liver injury, renal toxicity,
and cardiovascular damage, but Gd2O3:Eu

3+ nanotubes at dose
of 12.5 mg kg�1 and 1.25mg kg�1 had hardly detrimental effects
on liver, kidney, and cardiovascular system.26 Patra et al. re-
ported that any signicant change including the average weight
loss, or adverse effects had not been observed aer the
administration of Eu(OH)3 nanorods even at the highest dose.27

In the present work, there was no signicant difference of body
weights between the control and all experimental groups
(Fig. S1†). Splenomegaly, hemorrhagic ascites, abdominal
adhesion and some white particulates with tunicary deposited
on liver, spleen, intestine and peritoneum were observed in
several mice of NY50 and NY200 high-dose groups, but no
abnormal change was observed in other groups aer 35 days
exposure. For the coefficient of liver and kidney to body weight,
there was no obvious difference between the control and all
experimental groups, but the spleen in all tested groups showed
higher coefficient than that of the control group (Fig. S2†). The
blood biochemical tests are oen used in diagnosis of diseases
of liver, kidney, and cardiovascular system, and also widely used
RSC Adv., 2016, 6, 21725–21734 | 21731
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in monitoring the response to the exogenous toxic exposure.28

The blood biochemical tests of alanine aminotransferase (ALT),
aspartate aminotransferase (AST), and alkaline phosphatase
(ALP) are widely used to elevate liver function. When the liver is
in dysfunction, the levels of the above enzymes will rise. The
blood biochemical tests of creatine kinase (CK), lactate dehy-
drogenase (LDH), and alpha-hydroxybutyrate dehydrogenase
(HBDH) are widely used to diagnose heart diseases. LDH test in
serum is oen used to diagnose heart attack, anemia, and liver
diseases. In general, high LDH level shows the myocardial
lesion combining with CK and HBDH levels. Their elevated
levels suggest the occurrence of the ischemic heart disease,
acute coronary syndromes, etc. The blood urea, uric acid (UA)
and creatinine (Cr) are indicators for renal function. If renal
function is deteriorated, the urea, UA and Cr levels will rise. Our
results indicated that NaYF4:Eu

3+ particles increased AST level
and AST/ALT at NY50 and NY200 middle- and high-dose groups
(Table S1†). The elevated levels indicated that hepatic function
might be impaired. In the high-dose groups, there were no
difference in the value of CK, but the HBDH and LDH levels
increased obviously compared with the control group (Table
S1†). In all tested groups, there was no difference for the values
of urea, UA and Cr compared with the control group (Table S1†).
The results indicated that the high-dose 50 nm and 200 nm
NaYF4:Eu

3+ particles might induce to liver injury and cardio-
vascular damage, and the middle-dose NaYF4:Eu

3+ particles
lead to liver injury, but the low-dose NaYF4:Eu

3+ particles had
hardly detrimental effects on liver, kidney, and cardiovascular
system. For blood-elements, WBC number increased and HGB
level decreased signicantly in the NY50 high-dose group (Table
S2†). WBC number and HGB level reect inammatory
response and nutrient status in vivo, respectively, so NaYF4:Eu

3+

particles might cause inammation and anemia in the NY50
high-dose group. The results of other groups indicated that
NaYF4:Eu

3+ particles had hardly toxicity to hematological
system.

In vitro experiment, the cytotoxicity indicated that NaYF4:-
Eu3+ particles effectively inhibited the viability of BMSCs in
a size-dependent manner at 24 and 48 h (Fig. 2B and C).
Annexin V/PI staining and LDH leakage assays were used to
further assess the mode of cell death induced by NaYF4:Eu

3+

particles.29 In Annexin V-FITC/PI dual staining assay, we
observed a signicant increase in the percentage of PI positive
cells aer exposure to 20 mg mL�1 of NaYF4:Eu

3+ particles for 24
h (Fig. 4A and B). The results demonstrated that necrosis was
the predominant cell death mode. As we know, the integrity of
cell membrane was one of the most important evaluation
criterions for distinguishing necrosis from apoptosis. Necrotic
cells typically undergo organelle damage and plasma
membrane rupture, thereby releasing intracellular components
such as LDH. LDH, a stable cytosolic enzyme in normal cells,
can be leaked into the extracellular uid only aer membrane
damage. Therefore, the LDH release is an indicator of necrosis
due to cell membrane damage. In our work, a signicant
increase in LDH leakage was observed aer exposure to
NaYF4:Eu

3+ particles (Fig. 4C). The above results further
conrmed that NaYF4:Eu

3+ particles triggered cell death mainly
21732 | RSC Adv., 2016, 6, 21725–21734
by necrosis. Moreover, the percentage of necrotic cells and the
concentration of released LDH in BMSCs induced by NY50 are
more than NY200 (Fig. 4B and C). The degree of necrosis in
BMSCs may have some relationship with the particle size of
NaYF4:Eu

3+ particles.
It is well known that subcellular localization pattern of

nanomaterials has important effect on their toxicity.30 Locali-
zation of nanomaterials in mitochondria and/or nucleus may
severely inuence cellular functions, because mitochondria and
nucleus are important functional compartments of cells in cell
metabolism and proliferation.31 It was reported that NaYF4
nanomaterials could induce signicant cytotoxicity with
entering mitochondria.7 Our study suggests that NaYF4:Eu

3+

particles (50 nm and 200 nm) were primarily distributed in
lysosome and slightly localized in mitochondria (Fig. 3). Lyso-
somes as hydrolase-rich organelles are acidic and play a major
role in intracellular protein recycling, which has been increas-
ingly linked to cell death process.32,33Here, we stained the NY50-
and NY200-treated cells with LysoTracker Green to examine the
accumulation effect of the particles in the lysosome. Lyso-
Tracker Green is a green uorescent dye that is used to label and
track acidic organelles in live cells. AO relocation method was
used to further investigate the lysosomal stability of NY50- and
NY200-treated cells.34 In our work, the accumulation of NY50
and NY200 into lysosome caused lysosomal swelling, per-
meabilization of lysosomal membranes, and increased cathep-
sins B and D (Fig. 5A, B, E and F). The larger lysosomes are
easier to break down and cause cytosolic acidication, followed
with degradation of cellular compartments and leading to
uncontrolled cell death by necrosis.33 Based on above analysis,
we deduced that NaYF4:Eu

3+ particles exhibited obvious cyto-
toxicity on BMSCs, and the cytotoxicity of NaYF4:Eu

3+ particles
might be related to lysosomes.

In more recent years, necrosis has also been recognized as
a signaling- or damage-induced process of cell death, in which
enhanced generation of ROS and damage of mitochondria.33 In
the present study, we found that NaYF4:Eu

3+ particles increased
intracellular ROS level (Fig. 5C) and decreased MMP (Fig. 5D) in
BMSCs, and NY50 with smaller particle size showed more ROS
production (Fig. 5C). Increased ROS level could cause lysosomal
rupture and release of cathepsins, decrease MMP, and lead DNA
and protein damage.35 Mitochondria are of critical importance
for the energy production of cells and particularly involved in the
determination of the response to intracellular damage, mean-
while, disruption of mitochondria function could also lead to an
increase in intracellular ROS.31,36 The released cathepsins B andD
from lysosomes could increase the cellular levels of Bax and Bid
(Fig. 5G and H), which anchored on the surface of mitochondria
membrane. The increased Bax and Bid could change MMP and
further induce the intracellular ROS production. Oxidative stress
in NaYF4:Eu

3+ particles treated cells indicated the possibility of
DNA damage where the early effect will be evidenced in cell cycle
progression. BMSCs with damaged DNA accumulated in S phase
(DNA synthesis) and G2/M phase (gap2/mitosis) (Fig. 4D).
Absence of massive necrosis of NaYF4:Eu

3+ particles accompa-
nied by S and G2/M arrest indicated a restained mitosis and
retarded cell proliferation. It has been reported that many
This journal is © The Royal Society of Chemistry 2016
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Fig. 6 The mechanism of the necrosis of BMSCs induced by
NaYF4:Eu

3+ particles. CB/CD represent cathepsins B/cathepsins D.
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nanoparticles could induce cell necrosis. For example, Jiang et al.
reported that Ag nanoparticles could induce necrosis by the
increased intracellular ROS levels in CHO-K1 cell line.31 In our
previous work, we found that Gd2O3:Eu

3+ nanotubes could
induce BMSCs necrosis through two pathways, the rst is lyso-
somal rupture and release of cathepsins B; the another is the
overproduction of ROS injury to the mitochondria and DNA.37 In
our present work, we found that NaYF4:Eu

3+ particles could
induce BMSCs necrosis through lysosomal membrane per-
meabilization, increase intracellular ROS, cathepsins B and D,
Bax, and Bid, and damage of mitochondria and DNA. Lysosomal
membrane permeabilization is a potentially lethal event because
of the ectopic presence of lysosomal proteases including
cathepsins B and D in the cytosol, and cathepsins B then triggers
further lysosomal membrane permeabilization.38 Altogether,
cathepsins B and D may directly attack lysosomes from inside
and/or outside and facilitate lysosomal membrane
permeabilization-mediated cell death. Therefore it manifested
that lysosomal membrane damage induced cathepsins B and D
release contributed signicantly to NaYF4:Eu

3+ particles-
mediated necrosis in BMSCs.
Conclusion

On the basis of the above ndings, a schematic model was
proposed to describe the mechanism of the necrosis of BMSCs
induced by NaYF4:Eu

3+ particles (Fig. 6). The NaYF4:Eu
3+

particles (50 and 200 nm) were uptaken into BMSCs and
primarily localized in lysosome. The NaYF4:Eu

3+ particles could
trigger the necrosis of BMSCs. On the one hand, the NaYF4:Eu

3+

particles could lead to lysosomal rupture which is a pathway
mediating necrosis. On the other hand, NaYF4:Eu

3+ particles-
induced BMSCs necrosis is also directly caused by the over-
production of ROS through injury to the mitochondria. The
results provide basic research data for constructing the bio-
security evaluation methods and standards of rare earth nano-
materials, and promoting the healthy and sustainable
development of rare earth nanotechnology.
This journal is © The Royal Society of Chemistry 2016
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