pubs.acs.org/JACS

JAC'S

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

Intracellular Adenosine Triphosphate Deprivation through
Lanthanide-Doped Nanoparticles

Jing Tian,T’;t Xiao Zeng,;t Xiaoji Xie,;t Sanyang Han,i Oi-Wah Liew,§ Yei-Tsung Chen,§ Lianhui Wang,*’T’||
and Xiaogang Liu* ™+

TLaboratory of Advanced Materials, Fudan University, Shanghai 200433, China

*Department of Chemistry, National University of Singapore, Singapore 117543, Singapore

SCardiovascular Research Institute, Department of Medicine, National University of Singapore, National University Health System,
Singapore 117599, Singapore

IKey Laboratory for Organic Electronics & Information Displays, Institute of Advanced Materials, and Jiangsu National Synergistic
Innovation Center for Advanced Materials (SICAM), Nanjing University of Posts & Telecommunications, Nanjing 210023, China

Hnstitute of Materials Research and Engineering, 3 Research Link, Singapore 117602, Singapore

© Supporting Information

ABSTRACT: Growing interest in lanthanide-doped nanoparticles for biological g «°

and medical uses has brought particular attention to their safety concerns.
However, the intrinsic toxicity of this new class of optical nanomaterials in }
biological systems has not been fully evaluated. In this work, we systematically
evaluate the long-term cytotoxicity of lanthanide-doped nanoparticles (NaGdF,
and NaYF,) to HeLa cells by monitoring cell viability (mitochondrial activity), P

adenosine triphosphate (ATP) level, and cell membrane integrity (lactate o G o
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lanthanide-doped nanoparticles induce intracellular ATP deprivation of HeLa
cells, resulting in a significant decrease in cell viability after exposure for 7 days.
We attribute the particle-induced cell death to two distinct cell death pathways, autophagy and apoptosis, which are primarily
mediated via the interaction between the nanoparticle and the phosphate group of cellular ATP. The understanding gained from
the investigation of cytotoxicity associated with lanthanide-doped nanoparticles provides keen insights into the safe use of these

nanoparticles in biological systems.

H INTRODUCTION

Lanthanide-doped nanoparticles are an emerging class of
nanomaterials that display intriguing luminescent and magnetic
properties." Among various types of lanthanide-doped nano-
particles, NaGdF,- and NaYF,-based nanoparticles have been
widely applied in biomedical fields due to their multicolor
emission feature and versatility for surface functionalization.” For
example, NaGdF -based nanoparticles codoped with a sensitizer
Yb* and different activators can emit tunable upconversion
emissions via Gd-assisted energy migration and also serve as high
contrast agents in magnetic resonance imaging (MRI) due to the
T\-weighted relaxivity of Gd.? Furthermore, when coupled with
biomolecules or anticancer drugs, they would provide a
multifunctional platform that combines labeling with diagnostics
and therapy motifs in a highly integrated fashion.*

For biological applications, the biocompatibility of materials is
always of paramount concern. Therefore, in vitro and in vivo
toxicity assays of lanthanide-doped nanoparticles have routinely
been carried out along with optical investigations of the materials.
Until now, almost all previous investigations have shown that
these nanoparticles have relatively low toxicity both in cells and
in animal models.” However, many aspects of the intrinsic
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toxicity of the nanoparticles, for example, the exact mechanism of
their toxicity, have yet to be established.

In previous studies, toxicity assays were usually conducted on
nanoparticles coated with a thin layer of molecules such as
poly(acrylic acid) (PAA), polyethylene glycol (PEG), silica, and
proteins. The surface coating can greatly alter the dimensionality,
morphology, and behavior of the nanoparticles, thereby
interfering with accurate assessment of their toxicity profile.
Considering that nanoparticles might undergo degradation
within lysosomes and the coatings may be released in complex
cellular environments, the intrinsic cytotoxicity of the naked
nanoparticles should be emphasized regardless of the existence of
surface passivation.6 In addition, previous studies on nano-
particle cytotoxicity were typically conducted by incubating cells
with nanoparticles over a time frame of 48 h. Evaluation of
toxicity on the basis of such short-term assays is generally not
well founded. Furthermore, previous methods for cytotoxicity
assessment were often limited to single-mode assays, with MTT
or MTS assay being the most commonly used. The results
obtained from one single evaluation method may lead to data

Received: January 29, 2015

DOI: 10.1021/jacs.5b00981
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


pubs.acs.org/JACS
http://dx.doi.org/10.1021/jacs.5b00981

Journal of the American Chemical Society

misinterpretation.” In contrast, integrated multimode assays
allow for cross-checking of experimental data obtained from
various sources. Therefore, for precise and systematic evaluation
of the intrinsic toxicity associated with lanthanide-doped
nanoparticles, we propose that ligand-free nanoparticles be
used as the benchmark model and that multiple approaches
should be employed to track the health status of living organisms
over a prolonged exposure period.

To this end, we conducted a series of cytotoxicity assessments
on lanthanide-doped, ligand-free NaYF, and NaGdF, nano-
particles using a widely used human cervical cancer cell line
(HeLa cells). Three different approaches, including MTS assay,
ATP level determination, and lactate dehydrogenase (LDH)
release measurement, were applied in parallel to evaluate the
cytotoxicity of nanoparticles. With these three methods, we
comprehensively measured cell conditions in terms of
mitochondria activity, ATP concentration, and cell membrane
integrity. These data would provide a more precise and balanced
evaluation of nanoparticle-induced cytotoxcity than obtainable
by a single MTS assay. Surprisingly, after cells were exposed to
the nanoparticles for 3 days, we found that the intracellular ATP
levels decreased dramatically while cell viability revealed by the
MTS assay was not much affected. However, in a 7-day test, we
observed severe reduction in cell viability, accompanied by even
lower ATP levels than those obtained in the 3-day test. Our
experimental results based on fluorescence microscopy, Western
blotting, and Bio-TEM, etc,, further indicated that the ligand-free
nanoparticles can bind to the phosphate group of ATP and
subsequently suppress cellular ATP levels, thereby inducing cell
death via apoptosis and autophagy (Figure 1). By comparison,
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Figure 1. Schematic illustration of cell apoptosis and autophagy induced
by lanthanide-doped nanoparticles via intracellular ATP deprivation.
Lanthanide ions on the surface of nanoparticles can bind with phosphate
groups of ATP molecules within cells. ATP molecules are subsequently
hydrolyzed to cause an intracellular starving condition, which further
leads to apoptosis and autophagy. Apoptosis is characterized by cell
shrinkage, membrane blebbing, and nucleus condensation. In contrast,
autophagy is a process in which unnecessary and dysfunctional cellular
components are digested within autophagosomes and autolysosomes.

surface modification of the nanoparticles (e.g., PAA encapsula-
tion) can effectively lower the toxicity by inhibiting close contact
between the lanthanide ions and ATP molecules. These results
should enable better mechanistic understanding of cytotoxicity
induced by the lanthanide-doped nanoparticles and justify the
necessity for surface coating with high levels of uniformity to
minimize cytotoxic effects. Additionally, the intrinsic toxicity of

these nanoparticles may offer new possibilities for improved
anticancer therapy.®

B EXPERIMENTAL SECTION

Chemicals and Reagents. Gadolinium(III) acetate hydrate
(99.9%), yttrium(III) acetate hydrate (99.9%), ammonium fluoride
(NH,F, >98%), sodium hydroxide (NaOH, >98%), l-octadecene
(90%), oleic acid (90%), PAA, and adenosine S'-triphosphate disodium
salt hydrate were all supplied by Sigma-Aldrich.

Dulbecco’s Modified Eagle Medium (DMEM), penicillin-streptomy-
cin (10 000 U/mL), phosphate buffered saline (PBS), and fetal bovine
serum (FBS) were obtained from Gibco. Rhodamine phalloidin and
DAPI (4',6-diamidino-2-phenylindole) were purchased from Molecular
Probes. The dead cell apoptosis kit containing Annexin V-FITC and
propidium iodide (PI) was from Invitrogen. Monodansylcadaverine
(MDC) and anti-LC3B antibody were obtained from Sigma-Aldrich,
and antiactin antibody was from Santa Cruz Biotechnology. Both
secondary antibodies and all reagents for Western blotting were
purchased from Bio-Rad. Kits for cytotoxicity measurements, including
MTS assay, ATP level determination, LDH release, and caspase-3/7
detection, were all obtained from Promega Corp. Pierce bicinchoninic
acid (BCA) protein assay was from Thermo Scientific (Rockford, IL).

All chemicals and agents were used without further purification unless
otherwise noted.

Characterization. Transmission electron microscopy (TEM)
measurements were conducted with a field emission transmission
electron microscope (JEOL-JEM 2010F) coupled with an energy-
dispersive X-ray spectrometer (EDX) with an Oxford INCA energy
system. Fluorescence microscopy images were obtained with an inverted
fluorescence microscope (Nikon Eclipse Ti). Inductively coupled
plasma optical emission spectrometry (ICP-OES) measurement was
performed on a Dual-view Optima 5300 DV ICP-OES system
(PerkinElmer). UV—vis absorption spectra were obtained with a UV-
3600 spectrophotometer (SHIMADZU). Fourier transform infrared
(FTIR) spectroscopy was conducted on a Varian 3100 FT-IR
spectrometer. The hydrodynamic size and zeta potential of nano-
particles in water and cell culture medium were measured on a Zetasizer
Nano ZS90 (Malvern) instrument. X-ray diffraction (XRD) patterns of
the nanoparticles were obtained on a Bruker D8 Advance diffractometer.
Flow cytometry analysis was conducted on a BD LSRFortessa cell
analyzer.

Preparation of Ligand-Free Nanoparticles. Oleic acid (OA)
ligand molecules on the surface of nanoparticles were removed
following a modified procedure described in the literature.” In a typical
experiment, the as-synthesized oleic acid-capped lanthanide-doped
nanoparticles (1 mL in cyclohexane) were precipitated out by adding 1
mL of ethanol and pelleted by centrifugation at 16 S00 rpm for S min.
After centrifugation, the supernatant was replaced with a solution
comprised of 1 mL of hydrochloric acid (2 M) and 1 mL of ethanol, and
the mixture was ultrasonicated for § min. The as-obtained nanoparticle-
containing dispersion was then centrifuged at 16 500 rpm for 20 min to
afford the ligand-free nanoparticles. The nanoparticles were further
purified by washing with 2 mL of ethanol—water solution (1:1, v/v)
several times and finally dispersed in Milli-Q water. The concentration
of the nanoparticles in water was determined by drying 200 uL of the as-
synthesized nanoparticles in an oven at 80 °C for 48 h and then weighing
out the nanoparticles using an analytical balance.

Cytotoxicity Assays. HeLa cells were seeded at a density of 2000—
5000 cells per well (100 L) in 96-well plates and incubated for 24 h.
Nanoparticle-containing cell culture medium (particle densities ranging
from 0 to 1600 pg/mL) was subsequently added to the cells in the
respective wells and further incubated for another 24—72 h. For the
MTS assay, 20 uL of MTS reagent was added to each well of the
microplate. After incubation for 4 h at 37 °C, the absorption of the
colored formazan product at 490 nm was measured on a microplate
reader. For ATP determination, 100 uL of CellTiter-Glo reagent
equivalent to the volume of the cell culture medium in each well was
added to the microplate followed by 2 min shaking on an orbital shaker
to induce cell lysis. After a further 10 min incubation at room
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temperature to allow stabilization of the luminescent signals,
determination of cellular ATP level as a function of the luminescence
recorded was made. For the measurement of LDH release, 2 uL of lysis
solution was added to three wells of cells cultured in the absence of
nanoparticles to generate the maximum LDH release control, which
allows estimation of the total number of cells in the well. One hundred
microliters of assay reagents were added to nanoparticle-treated cells
and incubated for 10 min at room temperature, followed by addition of
stop solution (50 L) to each well. Fluorescence signals of experimental,
maximum LDH release, and culture medium background were recorded
with excitation at 560 nm and emission at 590 nm. The amount of
released LDH is determined as a percentage of the background-
corrected fluorescence signals of the experimental groups versus the
fluorescence signals of the maximum LDH release group.

For 7-day toxicity assays, HeLa cells were plated onto 24-well plates at
a density of 5000 cells per well and then incubated with nanoparticles for
7 days. The nanoparticle-treated cells were dissociated from the well
surface with 150 yL of trypsin/EDTA solution, followed by addition of
600 pL of culture medium to stop the reaction. Subsequently, 100 uL of
cell suspension was transferred to 96-well plates for MTS assay, ATP
level determination, and LDH release, respectively.

Annexin V/Pl Staining. Apoptosis and necrosis of HeLa cells
induced by lanthanide-doped nanoparticles were measured by an
Annexin V-FITC/PI staining technique. Briefly, HeLa cells were first
treated with different concentrations of ligand-free nanoparticles in 6-
well plates for 3 and 7 days, respectively. The particle-treated cells were
then trypsinized and centrifuged at 1000 rpm for S min, followed by
washing with PBS. The washed cells were suspended with 100 yL of
buffer provided from the staining kit and subsequently labeled with
Annexin V-FITC/PI The samples were analyzed with a flow cytometry
analyzer with at least 10000 cells counted for each analysis. The
fluorescence signals obtained from flow cytometry serve to reflect the
living status of cells. Specifically, under 488 nm laser excitation, early
apoptotic cells only show green fluorescence (FITC+/PI-), while
necrotic cells exclusively emit red fluorescence (FITC-/PI+). The
absence of any fluorescence signal (FITC-/PI-) suggests that cells are
viable, and the appearance of both green and red fluorescence (FITC
+/PI+) indicates cells are in a late apoptotic stage.

MDC Staining. HeLa cells were exposed to different concentrations
of ligand-free nanoparticles in 6-well plates for 3 and 7 days. The cells
were then stained with 50 M of MDC at 37 °C for 15 min and washed
three times with PBS.

Western Blotting. After incubation with varied amounts (0, 100,
200, 400, 800, and 1600 g/mL) of ligand-free nanoparticles, HeLa cells
were trypsinized, isolated by centrifugation at 1000 rpm for S min, and
lysed with RIPA buffer containing protease inhibitors. Subsequently,
these lysed cells were centrifuged at 14 500 rpm for 20 min at 4 °C to
afford clear lysate. The protein content of the cell lysate was determined
using the BCA protein assay kit. All samples were diluted to 4 pug/uL
with 2X Laemmli sample buffer and then boiled for S min. The samples
were separated by polyacrylamide gel electrophoresis and transferred to
a PVDF membrane. Next, the membrane was incubated in blocking
buffer for 30 min and treated overnight with anti-LC3B antibody
(1:1000x dilution) at 4 °C. After being washed with Tris-buffered saline
(TBS: 0.05% Tween-20) five times, the membrane was further
incubated with horseradish peroxidase-conjugated goat-antirabbit
antibody (1:3000% dilution) for 1 h at room temperature. After being
washed with TBS buffer, an enhanced chemiluminescence substrate in
peroxide buffer (Clarity ECL Substrate, Bio-Rad) was used to visualize
the immunoreactive proteins immobilized on the PVDF membrane.

Bio-TEM. HeLa cells were cultured in a T-25 flask containing 400 pg/
mL of nanoparticles for 72 h before being collected for TEM sample
preparation. Harvested cells were sequentially incubated with modified
Karnovsky’s fixative (2% paraformaldehyde and 2.5% gluteraldehyde in
PBS) and OsO, (1%) for 1.5 h each to fix protein contents and lipids,
respectively. Subsequently, the cells were dehydrated with ethanol
solution and embedded in Spurr’s resin. The samples were then cut into
ultrathin sections, mounted on TEM grids, and stained with uranyl
acetate and lead citrate for 10 min each prior to TEM characterization.

Statistical Analysis. For each experiment, at least three
independent assays were performed. Data are expressed as mean =+
standard deviation, and analyzed with analysis of variance followed by
the Bonferroni post hoc test with P < 0.05 considered as significant
difference.

B RESULTS AND DISCUSSION

In this work, we implemented the cytotoxicity study using
approximately 30 nm hexagonal NaGdF, and NaYF, nano-
particles (Supporting Information Figures S1 and S2). To reveal
the intrinsic toxicity of lanthanide-doped nanoparticles, surface-
coated oleic acid molecules were removed by acid treatment to
afford the ligand-free nanoparticles (Supporting Information
Figures S3 and S4). Dynamic light scattering (DLS) measure-
ment suggests that positively charged ligand-free nanoparticles
have a hydrodynamic diameter of around 45 nm. When dispersed
in a cell culture medium, the positive charges of the nanoparticles
were neutralized by negatively charged proteins and ions in the
buffer. The hydrodynamic diameter was increased to about 250
nm, indicating the aggregation of the particles in the cell culture
medium. By comparison, nanoparticles coated with PAA did not
exhibit any noticeable signs of particle aggregation as evident by
similar hydrodynamic diameter obtained in water and cell culture
medium (Supporting Information Table S1).

To fully probe the cytotoxicity of the ligand-free nanoparticles
under investigation, three types of analytical approaches in
multiwell formats were used, MTS assay, ATP level measure-
ment, and LDH leakage test (Figure 2, Supporting Information
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Figure 2. Cytotoxicity effect of ligand-free NaGdF, nanoparticles on
HeLa cells. (a) MTS assay and (b) ATP level of the cells after 24, 48, and
72 h of exposure at dosages of 0—1600 ug/mL. (c) Cytotoxicity tests
with MTS assay (blue line) and ATP level test (red line) after treatment
with 0, 50, 100, 200, 400, 800, and 1600 yg/mL of the nanoparticles for 7
d. *P < 0.05, **p < 0.01.
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Figures SS and S6). We first performed the most commonly used
MTS assay whereby the reduction of MTS to generate colored
formazan is assumed to reflect mitochondrial/NADH activity
and hence cell viability. It was found that both NaGdF, and
NaYF, nanoparticles essentially did not affect cell growth within
24 h even at all tested nanoparticle concentrations. A notable
decrease in cell viability (<80%) was found in groups treated
with nanoparticles at concentrations above 400 yg/mL after 48-h
incubation (Figure 2a and Supporting Information Figure S6a).

Although the cell viability as determined by the MT'S assay was
not significantly reduced, we surprisingly discovered that the
cellular ATP content declined dramatically as a function of
particle loading or incubation time after treatment with the
ligand-free nanoparticles (Figure 2b and Supporting Information
Figure S6b). For instance, cells treated with 400 pg/mL of
nanoparticles retained about 70% and 40% of ATP level after
incubation for 24 and 72 h, respectively. It should be noted that
ATP molecules play a key role in the energy supply for cell
metabolism and survival. Hence, our experimental observation
on nanoparticle-induced ATP depletion explicitly indicates the
negative impact of the ligand-free nanoparticles on cell growth
and proliferation.

To further investigate the cytotoxicity of the ligand-free
nanoparticles, cellular membrane integrity was measured with
the LDH leakage assay, as the release of LDH molecules was
triggered upon disruption of the cell membrane. It was found that
intracellular LDH concentrations of the cells treated with ligand-
free nanoparticles showed little difference with the untreated
control group (Supporting Information Figures SS and S6c).
This indicates low adverse effects of the nanoparticles on cell
membrane integrity within a time frame of 72 h.

Although cell viability remained high as revealed from
mitochondrial activity in the 3-d experiment, the ATP content
of the cells under investigation was no longer abundant.
Consequently, HeLa cells were thought to be undergoing a
metabolically starved condition, which is expected to affect the
cell viability in the long term. To validate our hypothesis, we
investigated the survival rate of the HeLa cells by culturing them
with the ligand-free nanoparticles for an extended period of 7
days.

We observe that cell viability as reflected by MTS assay
decreases significantly after incubation with ligand-free nano-
particles for 7 d (Figure 2c and Supporting Information Figure
S6d). Specifically, by exposing cells to ligand-free nanoparticles
with a concentration of 800 yg/mL, the cell viability was reduced
from 75% at day 3 to 45% at day 7, and cellular ATP content
dropped sharply to about 10%. These results suggested that a
long-term treatment with ligand-free nanoparticles could induce
a significant decrease of both cell viability and ATP level.

To further study the effect of ligand-free nanoparticles on
HeLa cells, cell morphologies were screened under an optical
microscope after particle treatment. Interestingly, cytoplasmic
vacuolization (bubble-like structures) appeared in HeLa cells
when exposed to the ligand-free nanoparticles at a high dose
(1600 pg/mL) or over 2 days. In the 3- and 7-d treatment group,
large vacuoles and membrane blebbing could be observed in the
cells treated with over 400 prg/mL of the nanoparticles (Figure 3,
Supporting Information Figures S7 and S8).

We also performed fluorescence microscopy to image the cells
by staining cytoskeletal structures (actin) and nuclei with
rhodamine phalloidin and DAP], respectively. It could be seen
that after particle treatment for more than 3 days, a number of
cells exhibited shrunked or inflated morphologies, accompanied
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Figure 3. Effects of ligand-free NaGdF, nanoparticles on HeLa cell
morphology. Cells were treated with the nanoparticles at 0, 100, 400,
and 1600 pg/mL for 7 d and then stained with rhodamine palloidin and
DAPI for actin and nuclei, respectively. Morphological alterations
include cytoplasmic vacuolization (black arrows), cell shrinkage (white
and thick black arrows), and nucleus condensation and irregularity
(arrowheads). All photos were taken under identical settings. Scale bars
are 20 ym.

by the formation of condensed, irregular, or fragmented nuclei
within the cells (Figure 3 and Supporting Information Figures
$9—11). Cytoplasmic vacuolization was considered to correlate
with cell autophagy, while membrane blebbing and nuclear
condensation were associated with apoptosis.'® Therefore, these
results provided indications that cells might be undergoing
programmed cell death after ligand-free nanoparticle treatment.

Generally, there are three typical pathways of cell death,
necrosis, apoptosis, and autophagy.'® When ATP is in short
supply, autophagy would be activated to isolate damaged
organelles and cytoplasmic materials in autolysosomes. Auto-
phagic degradation produces fatty and amino acids that can be
used for ATP synthesis to sustain cell survival under ATP-
deficient conditions."' The dramatic decrease in ATP content in
our tests prompted us to examine whether autophagy was
triggered in these nanoparticle-treated cells.

To investigate the possibility of autophagy, we stained HeLa
cells with a typical autophagy-reporting dye monodansylcada-
verine (MDC)."* The fluorescence microscopy image showed
that the green signals of MDC intensified with increasing doses
of nanoparticles after 3- and 7-d treatment, suggesting the
occurrence of autophagy in the presence of nanoparticles (Figure
4a,b and Supporting Information Figure S12). In addition to
MDC staining, during autophagy, microtubule-associated
protein (Light Chain 3: LC3) can be lipidated from LC3-I (18
kDa) to LC3-II (16 kDa), making it ideal as markers for the cell
death study.'” Therefore, we measured the conversion of LC3 by
Western blotting and found that the intensity of the LC3-II
immunodetected protein band steadily increased with increase in
the particle concentration from 100 to 1600 yg/mL (Figure 4c,d
and Supporting Information Figure S12). Obviously, the ratios of
LC3-II/LC3-I are much higher in the cells exposed for 7 d,
indicating the time-dependent autophagy process of the cells.

To further validate the existence of autophagy, TEM images
were taken to examine cells after particle treatment. Two types of
autophagic vacuoles, autophagosomes (initial autophagic
vacuoles with intact organelles or cytoplasmic materials) and
autolysosomes (late/degradative autophagic vacuoles containing
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Figure 4. Cell autophagy induced by ligand-free NaGdF, nanoparticles. (a,b) Fluorescence microscopy of HeLa cells with MDC staining after exposure
to 0, 100, 400, and 1600 yg/mL of nanoparticles for 3 d (a) and 7 d (b), respectively. All photos were taken under identical settings (scale bar: 20 ym).
(c,d) Expression of LC3 protein by Western blotting. HeLa cells were treated with 0, 100, 200, 400, 800, and 1600 yg/mL of nanoparticles for 3 d (c) and
7 d (d), respectively. Actin is used as loading control. (¢) TEM imaging analysis of the HeLa cells after exposure to the NaGdF, nanoparticles. Blue and
red arrows marked in the TEM images indicate autophagosomes and autolysosomes, respectively.
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Figure S. Effects of ligand-free NaGdF, nanoparticles on HeLa cell apoptosis. (a,b) Representative profiles of fluorescence activated cell sorting analysis
and statistical results of early and late apoptosis at day 3 (a) and day 7 (b) after exposure to 0, 50, 100, 200, 400, 800, and 1600 zg/mL of NaGdF,
nanoparticles. (c) Fold changes of caspase-3/7 expression after treatment with nanoparticles for 3 and 7 d as compared to untreated groups. (d) DNA

fragmentation by measuring cells in sub-G1 phase with flow cytometry after nanoparticle treatment for 3 and 7 d. (e) Bio-TEM images of apoptotic cells
with fragmented and irregular nuclei (N). *P < 0.0, **p < 0.01.

partially degraded organelles and cytosolic materials),'>'* were results, Western blotting analysis, and bio-TEM images provide

both observed within these cells, confirming the nanoparticle- evidence of the autophagy pathway occurring in the cells

induced autophagic cell death pathway (Figure 4e). In addition, incubated with ligand-free nanoparticles.

nanoparticles with cell debris were observed within the It should be noted that different cell death pathways can

autolysosomes, suggesting that nanoparticles might be digested coexist upon external stimulation. For example, CeO, nano-

during the process of autophagy. Taken together, MDC staining particles have been demonstrated to trigger both autophagy and
E
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apoptosis simultaneously.'* To provide insights into the cell
death mechanism induced by ligand-free nanoparticles, we
conducted flow cytometry analysis to ascertain whether
apoptosis or necrosis takes place in our nanoparticle-modified
cells.

In necrosis, the cell membrane is ruptured, allowing for the
uptake of nonpermeable dyes such as propidium iodide (PI) for
cell staining. In contrast, apoptotic cells maintain membrane
integrity in the early stage, prohibiting nonpermeable dye PI
from entering cells. Meanwhile, apoptotic cells can be
distinguished by staining cells using annexin V, a cellular protein
that can bind to phosphatidylserine externalized particularly in
the apoptotic cell membrane."> With PI and annexin V double
staining, we can distinguish healthy cells (annexin V—/PI-),
early apoptotic cells (annexin V+/PI-), late apoptotic cells
(annexin V+/PI+), and necrotic cells (annexin V—/PI+). As
shown in Figure S, the percentage of early apoptotic cells was
approximately 13% after treatment with 1600 yug/mL ligand-free
nanoparticles at day 3, and the percentage further increased to
19% at the end of day 7. In contrast, for the control group with
zero exposure to nanoparticles, only 2% of the cells underwent
apoptosis. Statistically, treatment with more than 200 yg/mL of
nanoparticles induced significant apoptosis as compared to the
control group after 3 d, and all particle-treated groups
experienced significant apoptosis at day 7 (Figure Sab and
Supporting Information Figure S13). In contrast, no obvious
necrosis was detectable, and this observation was consistent with
the results of the LDH assays.

During apoptosis, one class of cysteine proteases named
caspases will be activated to initiate and regulate apoptotic
signaling. Although there are different regulatory pathways of
apoptosis regulation, they will converge at the same terminal
point with caspase-3 and caspase-7 being activated.'® As shown
in Figure Sc and Supporting Information Figure S13, caspase-3
or caspase-7 were highly expressed in nanoparticle-treated cells
(>400 pug/mL) as compared to the control group. It should be
noted that no significant levels of caspase-3 or caspase-7 could be
detected at low concentrations of nanoparticles. This is probably
because caspases were only expressed transiently within the cells
for a short period of time and low concentrations of ligand-free
nanoparticles are not sufficient to trigger the expression of
caspases to detectable levels.'®

In addition to probing apoptosis with protein markers, cellular
apoptosis can also be studied by examining DNA content within
the cells. During apoptosis, DNA strands are degraded by
endonucleases into small fragments. Consequently, an increasing
population of hypodiploid cells, which possess incomplete
cellular DNA content, would be observed in cell cycle assays.'”
Not surprisingly, our data from cell cycle experiments clearly
showed that treatment with nanoparticles increased the
percentage of the hypodiploid cells, probably as a result of
apoptosis (Figure 5d and Supporting Information Figure S13).
Furthermore, irregular and fragmented nuclei in the particle-
treated cells were also observed from TEM imaging (Figure Se).
Collectively, the results from flow cytometry analysis, caspase
expression, cell cycle assays, and TEM characterization all
indicated that the ligand-free nanoparticles induced apoptosis in
a time- and dose-dependent fashion.

To reveal the underlying mechanism leading to ATP
deprivation by ligand-free lanthanide-doped nanoparticles, we
studied the interaction between ATP and the nanoparticles in
cell culture medium. After the nanoparticles were mixed with
ATP-containing cell culture medium, the ATP molecules were

detected by the same method as that used in the in vitro
experiments. The viable ATP concentration decreased remark-
ably in a dose- and time-dependent manner (Figure 6a and
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Figure 6. Investigation of the interaction of NaGdF, nanoparticles with
ATP. (a) ATP and (b) adenosine concentration measurements after
treatment with ligand-free NaGdF, nanoparticles at concentrations of 0,
100, 400, and 1600 pg/mL for 72 h. (c) Schematic illustration of the
interaction between NaGdF, nanoparticles and ATP. (d) TEM
characterization of cellular uptake of NaGdF, nanoparticles in HeLa
cells. (e) EDX spectra of internalized NaGdF, nanoparticles (asterisks
denote the elemental content of the cells, and phosphorus is highlighted
in yellow).

Supporting Information Figure S14a). Specifically, 100 yg/mL of
ligand-free nanoparticles caused over 40% reduction in ATP
content after 24 h incubation, and the ATP concentration
continued declining with increasing incubation time. Further-
more, we examined the variation in the concentration of
adenosine, which forms the basis of ATP molecules, in response
to particle incubation. In this experiment, the nanoparticle—ATP
mixture was first centrifuged at 16 S00 rpm for 20 min, and the
concentration of adenosine in the supernatant was subsequently
measured by a UV-—vis spectrometer. Interestingly, the
adenosine concentration remained unchanged in the presence
of ligand-free nanoparticles despite the decrease in viable ATP
(Figure 6b and Supporting Information Figure S14b). HPLC
analysis was conducted to examine the composition of the
reaction product upon incubation of ligand-free nanoparticles
with ATP for 24 h. It was found that in the presence of
nanoparticles (400 ug/mL), approximately 60% of ATP
molecules were decomposed into ADP and AMP, while the
control group showed little sign of ATP hydrolysis (Supporting
Information Figure S15). This degree of particle-mediated ATP
decomposition is even aggravated when free lanthanide ions
gradually leach from the nanocrystals (Supporting Information
Figure S16). Therefore, we concluded that upon coordination to
the phosphate groups of ATP by the nanoparticles and the free
lanthanide ions, the cleavage of phosphate groups leads to the
release of adenosine into the surroundings, while the phosphate
groups remain on the surface of nanoparticles, as illustrated in
Figure 6¢ and Supporting Information Figure Sl4c. Con-
sequently, the ATP level decreased gradually, and the energy
required for metabolic processes was subsequently drained.

To further illustrate the interaction between the ligand-free
nanoparticles and ATP, we examined the nanoparticles
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internalized by HeLa cells via TEM imaging analysis. As shown in
Figure 6d, we observed the formation of needle-like bundles,
which could be attributed to phosphate complexation by the
nanoparticles after cellular uptake.'® The existence of elemental
phosphorus in these particles was confirmed by EDX analysis
(Figure 6e).

In view of the above results, we believe that the ligand-free
nanoparticles can trigger the decomposition of ATP molecules
and thus lead to energy shortages within the cells under
investigation. Without sufficient energy supply, autophagy and
apoptosis can occur ubiquitously. To verify our hypothesis, we
conducted an ATP rescue test by supplying additional ATP
molecules to the cells treated with ligand-free nanoparticles
(Supporting Information Figure S17). After being exposed to
nanoparticles for 3 d, the cells were supplemented with extra
ATP molecules in the cell medium and further incubated for 24
h. In the presence of additional ATP molecules, cell viability was
increased by 3.3% (100 ug/mL group) and 16.1% (1600 pug/mL
group) as compared to that obtained without the ATP
supplement. On the contrary, in the absence of the nanoparticles,
no obvious changes in cell proliferation were observed after
addition of ATP molecules. Taken together, these results proved
that addition of exogenous ATP molecules could partly offset the
ATP deprivation caused by nanoparticles and rescue cells from
cell death to a limited extent.

It is important to note that many other phosphate-containing
biomolecules could interact with rare earth ions. For instance,
rare earth oxides could damage lysosomes by stripping
phosphates from lysosomal phospholipids and ensuingly activate
inflammatory pathways.'® On a separate note, DNA can also
bind to lanthanide-doped nanoparticles under cell-free con-
ditions. However, the nanoparticles under investigation are not
likely to enter nucleus and mitochondria because of the relatively
large size of the nanoparticles. Despite unclear mechanisms
underlying the interaction between the lanthanide-doped
nanoparticles with other phosphate containing chemicals, the
lack of vital energy currency in the form of ATP is expected to
play an important role in the observed cell death.

From the foregoing, we show that the bare nanoparticles could
interact with phosphate groups of ATP, leading to a decline in
cellular ATP levels, and subsequently trigger autophagy and
apoptosis. To suppress this interaction, we coated PAA on the
surface of nanoparticles to block the direct interaction between
ATP and ligand-free nanoparticles. We first conducted
extracellular studies of the interaction between PAA-coated
nanoparticles and ATP. It was obvious that the PAA-coated
nanoparticles (NaGdF,/PAA and NaYF,/PAA) showed de-
creased binding affinity to ATP (Figure 7a and Supporting
Information Figure S18).

Thereafter, we treated cells with NaGdF,/PAA and NaYF,/
PAA for cytotoxicity tests. As expected, both NaGdF,/PAA and
NaYF,/PAA displayed fairly low cytotoxicity based on MTS
assay. An obvious reduction of cell viability was noticed only
when nanoparticles were introduced at the highest concentration
(1600 pg/mL) (Supporting Information Figure S19). In
addition, the PAA coating helps maintain the cellular ATP
content as reflected by ATP measurement. As shown in Figure
7b, cells incubated with NaGdF,/PAA exhibited a gentler decline
in their ATP levels as compared to cells exposed to ligand-free
NaGdF, nanoparticles.

The protective effect of PAA coatings was also demonstrated
in long-term viability assays (Figure 7c,d and Supporting
Information Figure S20). Approximately 70% of cells were
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Figure 7. Protecting effects of PAA coatings on nanoparticle-induced
cytotoxicity. (a) ATP concentration determination after binding with
NaGdF,/PAA nanoparticles at concentrations of 0, 100, 400, and 1600
ug/mL for 72 h. (b) Comparison of cellular ATP levels after 3-d
exposure to NaGdF, or NaGdF,/PAA nanoparticles at 0—1600 yg/mL.
(c) MTS assays and (d) ATP tests of HeLa cells after treatment with
NaGdF, or NaGdF,/PAA nanoparticles at doses of 0, 50, 100, 200, 400,
800, and 1600 pg/mL for 7 d.

alive after incubating with 800 yg/mL PAA-coated nanoparticles
for 7 d, as compared to a survival rate of 50% in the ligand-free
group. Cells also maintained high ATP levels after a 7-d
treatment with PAA-coated nanoparticles, suggesting that PAA-
coatings can prevent ATP depletion over the longer term.
Furthermore, the morphology of cells treated with NaGdF,/PAA
did not show obvious changes with dosages up to 400 ug/mL
(Supporting Information Figure S21). When compared to
ligand-free equivalents, PAA-coated nanoparticles exhibited
lower cytotoxicity, despite the slightly higher level of cellular
uptake of PAA-coated nanoparticles than their ligand-free
counterparts (Supporting Information Figure S22). This result
further confirms the shielding effect of the PAA coating.
However, it is noted that the highest dose (1600 pug/mL) of
the NaGdF,/PAA induced a remarkable decrease of cell viability
and ATP content, and resulted in cell shrinkage and cell death
after 72-h treatment. This is probably caused by partial
detachment of PAA molecules coated on the surface of
nanoparticles over a prolonged period of time (Supporting
Information Figure S23). When the concentration of nano-
particles is too high, partial dissociation of PAA from
nanoparticle can leave enough lanthanide ions to bind with
ATP and consequently cause cell death.

B CONCLUSIONS

Controlling the surface properties of lanthanide-doped upcon-
version nanocrystals has major implications for applications in
biological fields. In previous studies, the upconversion nano-
particles were typically coated with silica, PAA, PEG, or protein
as model systems for toxicity investigations. As such surface
modifications prevent the nanoparticles from binding to ATP,
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their intrinsic cytotoxicity cannot be fully disclosed. Herein, we
have demonstrated that without the surface protection,
lanthanide-doped nanoparticles do exhibit considerable cytotox-
icity, largely due to ATP deprivation induced by strong binding
between the lanthanide ions and the phosphate group of
intracellular ATP. On the basis of our experimental findings,
surface coatings (e.g, PAA) can effectively decrease the toxicity
effect by preventing the interaction of nanoparticles with ATP.
For long-term use of lanthanide-doped nanoparticles, the best
practice is to limit their concentration to less than 100 pg/mL
sufficient for cell imaging (Supporting Information Figure $24).
These findings should provide improved fundamental under-
standing of the intrinsic toxicity associated with lanthanide-based
nanomaterials in biological settings. Moreover, our results
provide new insights for exploring the safe uses of these optical
nanomaterials in advanced biological applications.
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