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ABSTRACT Photodynamic therapy (PDT) is a promising anti-
tumor treatment that is based on the photosensitizers that inhibit

cancer cells by yielding reactive oxygen species (ROS) after irradia-
tion of light with specific wavelengths. As a potential photosensi-
tizer, titanium dioxide (Ti0,) exhibits minimal dark cytotoxicity and
excellent ultraviolet (UV) light triggered cytotoxicity, but is chal-
lenged by the limited tissue penetration of UV light. Herein, a novel
near-infrared (NIR) light activated photosensitizer for PDT based on
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posites (UCNPs@TiO, NCs) is designed. NaYF,:Yb* ", Tm* " @NaGdF ,:Yb>* core/shell UCNPs can efficiently convert NIR light to UV emission that matches well
with the absorption of Ti0, shells. The UCNPs@Ti0, NCs endocytosed by cancer cells are able to generate intracellular ROS under NIR irradiation, decreasing
the mitochondrial membrane potential to release cytochrome c into the cytosol and then activating caspase 3 to induce cancer cell apoptosis. NIR light
triggered PDT of tumor-bearing mice with UCNPs@Ti0, as photosensitizers can suppress tumor growth efficiently due to the better tissue penetration than
UV irradiation. On the basis of the evidence of in vitro and in vivo results, UINPs@Ti0, NCs could serve as an effective photosensitizer for NIR light mediated
PDT in antitumor therapy.
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mitochondria-involved apoptosis

invasive and mild medical technique

based on the photochemical reac-
tions of photosensitizers (PSs) to generate
cytotoxic intracellular reactive oxygen spe-
cies (ROS), has undergone extensive inves-
tigations in cancer treatment.'® PDT is an
emerging and pioneering cancer therapeu-
tic modality to improve the drawbacks
of other traditional anticancer therapies.
As the most widely used semiconductor,
titanium dioxide (TiO,) with the crystalline
phase of anatase can absorb ultraviolet (UV)

Photodynamic therapy (PDT), a non-
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light to catalyze the generation of ROS.”?
Due to their irradiation-induced phototo-
xicity, UV light excited TiO, nanoparticles
(NPs) of various sizes and morphologies are
being investigated mainly in the photother-
apy of malignant cells® ' In compar-
ison with traditional organic photosen-
sitizers, TiO, NPs can be maintained for a
longer time in the body, and they are non-
toxic and stable without light irradiation. A
major challenge in PDT is the direct illumi-
nation of the tissue by UV or visible light to
trigger the PSs (including TiO, NPs). UV or
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visible light has a limited penetration distance in tissue,
causing PDT to fail in cases where the cancer cells are
located far from the surface.'”~2° Studies on the optical
window in biological tissues reveal that the maximum
penetration into tissue exists in the near-infrared (NIR)
range (700—1000 nm).2"? Thus, NIR light triggered
TiO, NPs will be potential and desirable PDT photo-
sensitizing agents.

Upconversion processes generate a higher energy
light from a lower energy light, typically NIR light.>~2°
Upconversion nanoparticles (UCNPs) based on
lanthanide-doped nanocrystals, which could convert
NIR light to UV or visible photons,3*°3¢ are able to
activate the attached PSs via fluorescence resonance
energy transfer (FRET) to generate ROS.>”~*? NIR light
triggered UCNPs potentially open new doors to a next
generation of photodynamic therapy. The current
UCNP-based NIR light triggered PDT systems mainly
focus on designing second-generation photosensi-
tizers (mainly organic PSs) to efficiently utilize the
upconverted light in the green and red emission
regions of Yb/Er-co-doped UCNPs.**~*” However, the
TiO, NPs that could be triggered by UV light are usually
ignored for inhibiting in vitro cancer cells, especially for
the suppression of in vivo tumors, due to the low
penetration into tissue and the damage to normal
tissue, even though they possess high photosensitiza-
tion activity toward various cancer cell lines. ROS
generation of NIR light irradiated TiO, NPs is depen-
dent on the energy transfer efficiency, which relies
on the spectral overlap between the upconversion
emission of UCNPs and the absorption of TiO, NPs.
Yb/Tm-co-doped UCNPs, converting NIR light to UV
emission that matches well with the absorption of
TiO, NPs, may solve the above problem. Nevertheless,
Yb/Tm-co-doped UCNPs with TiO, were mainly limited
to photocatalytic activity via NIR light irradiation.*®~>'
A new attempt at NIR light mediated PDT especially
in vivo applications by employing Yb/Tm-co-doped
UCNPs with enhanced UV emission as donors to trigger
TiO, has not been explored.

Herein, we report a multifunctional cancer therapy
nanoplatform for NIR light mediated and imaging
guided PDT. The core/shell-structured NaYF,:Yb®™,
Tm3>"@NaGdF,:Yb>" UCNPs present enhanced upcon-
verting UV emission in comparison with the original
NaYF,:Yb>*" Tm®", as well as the properties of MR
and CT imaging. Crystallized shells composed of
TiO, NPs were coated on the surface of NaYF,:Yb®",
Tm3+t@NaGdF,Yb®t cores to form (NaYF,Yb3™,
Tm*"@NaGdF,:.Yb>")@TiO, core/shell nanocompo-
sites (denoted as UCNPs@TiO, NCs). UCNPs@TiO,
NCs can efficiently generate intracellular ROS via
980 nm NIR laser excitation to induce apoptotic cancer
cell death in vitro. Compared to previous UCNP-based
organic PS PDT systems, the novelty of our current
study involves the following. (1) UCNPs@TiO, NCs with
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good biocompatibility and water dispersibility can
serve as NIR light activated PS without introducing
other cytotoxic organic PSs. The covalent linking of
TiO, as a PS by themselves with high loading can
effectively prevent PS molecules from leaking and
self-aggregating. (2) As the donors, core/shell UCNPs
can provide enhanced upconverting UV emission to
trigger the acceptor TiO,. Meanwhile, TiO, shells were
coated directly on the surfaces of UCNPs, ensuring
maximum energy transfer from UCNPs to TiO, so as to
facilitate the generation and release of ROS. (3) The
protein expression levels of apoptosis-related genes
elucidate the possible molecular mechanisms of
cancer cell inhibition. UCNPs@TiO,-based NIR light
mediated PDT can induce cancer cell death through
a mitochondria-involved intrinsic apoptosis pathway.
The expression activity of caspase 3 in tumor tissue
could be enhanced after NIR light mediated PDT so as
to induce the apoptosis of cancer cells and inhibit the
growth of tumor in vivo. More importantly, owing to
the deeper tissue penetration of NIR light than UV light,
UCNPs@TiO,-based NIR light mediated PDT possesses
more effective tumor inhibition in comparison with UV
light irradiated UCNPs@TiO,.

RESULTS AND DISCUSSION

Synthesis and Characterization of UCNPs@Ti0, NCs. The
synthetic route for UCNPs@TiO, core/shell nano-
composites can be summed up into four steps, as
presented in Figure 1a. The original NaYF,.Yb> ", Tm3*
core with the mean diameter of 25 nm (Figure 1b)
was synthesized by a thermal decomposition method,
followed by being coated with the active shell NaGdF:
Yb3* on the surface through a seed-mediated process
to obtain NaYF,:Yb>",Tm3*"@NaGdF,:Yb>" core/shell
structured UCNPs (Figure 1c). After decorating ligand-
free UCNPs with polyvinylpyrolidone (PVP), TiF, served
as a Ti precursor to form TiO, shells on the surface of
the UCNPs under mild hydrolysis conditions. From
Figure 1d, it can be seen that the TiO, NPs are attracted
onto the surface of the NaYF,Yb*" Tm3>T@NaGdF,:
Yb3* UCNPs to form UCNPs@TiO, core/shell NCs. The
low-magnification high-angle annular dark field scan-
ning TEM (HAADF-STEM) image further confirms the
core/shell structure of the UCNPs@TiO, (Figure 1e),
clearly showing the contrast between the shell (dark)
and core (bright). The elemental mapping images were
utilized to analyze the elemental distribution of the
nanocomposites, as shown in Figure 1f. The results
indicate that Ti and O elements are distributed in the
shell, while Na and F are distributed in the core. For the
distribution of rare earth (RE) elements in the NaYF,:
Yb** Tm**@NaGdF,Yb*" UCNPs, Gd element is mainly
distributed in the NaGdF,:Yb>* active shell, and the other
RE elements are distributed in the NaYF,Yb>" Tm3*
original core. From the corresponding low-magnification
TEM images, high-resolution TEM (HRTEM) images, and
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Figure 1. Schematic illustration for the synthetic procedure of UCNPs@TiO, NCs (a). TEM images of the original NaYF ;:Yb>",
Tm3" cores (b). NaYF,Yb>',Tm*'@NaGdF,:Yb>" core/shell UCNPs (c) and NaYF,:Yb*',Tm*"@NaGdF,:Yb>*'@TiO,
(UCNPs@TiO,) core/shell NCs (d). High-angle annular dark field scanning transmission electron microscopy (HAADF-STEM)
image (e) and HAADF-STEM-EDS mapping image (f) of a single UCNPs@TiO, nanoparticle (all scale bars in (f) are 50 nm).

dynamic light scattering data (Figure S1), the above
samples possess uniform morphology, good monodis-
persity, and high crystallinity. As a key role of the
successful TiO, coating, PVP was capped onto the surface
of core/shell ligand-free UCNPs to provide stable coating
sites between UCNPs cores and TiO, NPs. PVP can
coordinate lanthanide ions through pyrrolidone groups
coated on the surface of the UCNPs.>2~>* PVP, hydro-
philic polymers, can homogeneously stabilize UCNPs in
the water/ethanol mixed solvent>*™>” On the other
hand, coating PVP is essential for stabilizing the TiF, on
the surface of UCNPs to form the TiO, NPs (Figure S2a).
Without the PVP coating, no continuous TiO, NPs were
formed on the surface of the UCNPs (Figure S2b). With a
very small amount of TiF, coated on the surface of
UCNPs, the aggregation of self-nucleated TiO, samples
can be observed. The one-step PVP-mediated protocol
is a simple and general approach to synthesize core/
shell TiO, nanocomposites through hydrothermal de-
position of polycrystalline anatase TiO, NPs on the
inorganic nanomaterials with different morphologies
and sizes.>® %" The structure of as-formed UCNPs@TiO,
NCs was also characterized by X-ray diffraction (XRD)
(Figure S3), and the red diffraction peaks can be ascribed
to anatase TiO, phase (JCPDs 21-1272) besides the
characteristic peaks of UCNPs (JCPDs 16-0334), indicating
the successful coating of TiO, shells.

The obtained samples with good dispersibility emit
upconverting lightin UV/visible regions via 980 nm NIR
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Figure 2. Upconversion emission spectra of NaYF,:Yb>",
Tm3", NaYF,:Yb®*, Tm**@NaGdF,:Yb*", and UCNPs@TiO,
(a). Digital and luminescence photographs of NaYF,:
Yb**,Tm3" dispersed in cyclohexane (b), NaYFzYb>",
Tm>**@NaGdF,:Yb*" dispersed in cyclohexane (c), and
UCNPs@TiO, dispersed in water (d).

laser excitation (Figure 2). The UV emission peaks of
Tm>" ions can be derived from radioactive transitions
of 'ls — 3F4 (348 nm) and 'D, — 3Hg (365 nm), and the
visible emission can be assigned to 'D, — *F, (453 nm)
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and 'G, — 3Hg (480 nm) transitions of Tm*" ions,
respectively.*® Due to the suppressed surface quench-
ing of bare NaYF,, the relative emission intensity of
core/shell NaYF,:Yb>",Tm*"@NaGdF,:Yb>" UCNPs is
about 15 times that of the original NaYF,Yb>",Tm>"
core under similar measurement conditions. After
coating TiO, shells outside the UCNPs cores with
enhanced upconverting emission, all the emission
peaks of UCNPs become weaker. Especially, the emis-
sion intensity of the UV region is remarkably dimin-
ished due to the absorbance of UV emission light by
the TiO, shells.** To demonstrate the photocatalytic
activities of the TiO, shells being formed on the UCNPs,
the photocatalytic decomposition of methylene blue
(MB) was carried out by the UCNPs@TiO, NCs under
365 nm UV light and 980 nm NIR laser irradiation (as
shown in Figure S4), respectively. Obviously, the char-
acteristic absorption bands of MB decreased steadily
with the increase in irradiation time. The MB was
degraded completely for UCNPs@TiO, NCs after 5 h
of UV irradiation, and almost 50% of the MB was
degraded with 5 h of NIR laser excitation, indicating
that TiO, shells possess perfect photocatalytic activity
toward MB.

ROS Generation of UCNPs@TiO, NCs via NIR Irradiation. Cy-
totoxic intracellular ROS can cause damage to DNA and
mitochondria in cells, resulting in cell death.®® There-
fore, the ability to generate extracellular and intracel-
lular ROS of the photosensitizer is one of the crucial
factors that determine the efficacy of PDT. The gen-
eration of extracellular ROS, which was caused by the
UCNPs@TiO, upon 980 nm NIR laser excitation, was
detected by the chemical probe 1,3-diphenylisobenzo-
furan (DPBF) first. DPBF can react with ROS irreversibly
and then causes the intensity of its characteristic
absorption to decrease to 420 nm (Figure 3a). The
absorbance of DPBF decreased exponentially with the
increasing NIR illumination time, with approximately
85% decrease in 30 min, confirming the efficient gen-
eration of extracellular ROS.

The primary condition of intracellular ROS genera-
tion is effective cellular uptake of UCNPs@TiO, NCs.
The incubation times were optimized to confirm the
time required for the maximum amount of cellular
uptake by Hela cells. Cellular uptake of UCNPs@TiO,
NCs was determined using inductively coupled plasma
mass spectrometry (ICP-MS) and flow cytometry (FCM),
respectively. ICP-MS were used to determine the tita-
nium content in the cell lysis solution. As shown in
Figure S5A, the mass of titanium internalized in Hela
cells from UCNPs@TiO, increased with the initial 6 h of
incubation, and the titanium content decreased at the
7 and 12 h incubation time points. The cellular uptake
degree of the UCNPs@TiO, NCs could be quantified
with FCM by determining the green fluorescent signals
of fluorescein isothiocyanate (FITC, fluorescent dye)-
labeled UCNPs@TiO, NCs (UCNPs@TiO,—FITC) treated
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Figure 3. (a) Absorbance changes of DPBF treated with
UCNPs@TiO, NCs after 980 nm laser irradiation for different
times (inset: digital photographs of DPBF mixing with
UCNPs@TiO, before (left) and after (right) irradiation).
(b) Intracellular ROS generation was detected in Hela
cells treated with UCNPs@TiO, NCs under 980 nm laser
irradiation. The level of intracellular ROS was measured by
FACSCalibur flow cytometry using the peroxide-sensitive
fluorescent probe DCFH-DA.

with Hela cells (Figure S5B). The efficiency of cell
uptake increased gradually with the extension of the
incubation time, while the cellular uptake amounts at
6 and 7 h of incubation had no significant change.
Combined with the above results, the optimal incuba-
tion time is 6 h. TEM is another effective means to verify
cellular uptake and the location of UCNPs@TiO, NCs
relative to the cells in vitro, and TEM measurements
were done after 6 h of incubation (Figure S5C). As
presented in Figure S5C(c) and (d), the UCNPs@TiO,
NCs can be internalized by cells and then enter the
lysosome or accumulate around the mitochondria. A
TEM image of Hela cells incubated with UCNPs@TiO,
NCs via 980 nm NIR laser irradiation is shown in Figure
S5C(b), presenting the changes in cell morphologies
compared to a blank control cell (Figure S5C(a)). These
changes include blebbing, cell shrinkage, chromatin
condensation, and cytoplasm density increase. The
above in vitro data provide direct evidence that the
uptake of the UCNPs@TiO, NCs is achieved by endo-
cytosis. After incubation with UCNPs@TiO, NCs in the
dark, the Hela cells were irradiated with a 980 nm laser
and intracellular ROS formation was monitored via
conversion of nonfluorescent 2,7-dichlorofuorescin
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Figure 4. (A) Cell viability after being irradiated with a 980 nm laser under different intensities for 30 min (5 min break after
10 min of irradiation). (B) Cell viability after irradiation with 365 nm UV light under different irradiation times. (C) In vitro
viabilities of HeLa cells treated with UCNPs@TiO, NCs under 365 nm UV light irradiation, 980 nm NIR laser irradiation, and no
irradiation. Error bars indicate standard deviations, n = 3. (D) Apoptosis of HeLa cells by staining with annexin V-FITC and PI:
(a) control, (b) UCNPs@TiO, NCs alone, (c) 365 nm UV light irradiation alone, (d) UCNPs@TiO, + 365 nm UV light irradiation,
(e) 980 nm NIR laser irradiation alone, (f) UCNPs@TiO, + 980 nm NIR laser irradiation.

diacetate (DCFH-DA) to fluorescent dichlorofluores-
cein (DCF). The relative intracellular fluorescence in-
tensity analyzed by FCM allows quantitative com-
parison of the ROS generation with different irradiation
times (Figure 3b). There was no ROS produced when
there was no irradiation, and the fluorescence intensity
from DCF increased with increasing illumination time.
Thus, UCNPs@TiO, NCs can serve as promising photo-
sensitizers for NIR light triggered PDT.

In Vitro Anticancer Effect Induced by UCNPs@Ti0, NCs in NIR-
Triggered PDT. The focus of this study aims to explore
UCNPs@TiO, NCs as a PDT agent for the development
of a NIR light triggered photodynamic inactivation
system as a promising anticancer strategy. In order to
confirm the safety of the cells, the phototoxicity of the
980 nm NIR laser and 365 nm UVA light was investi-
gated first, and the cytotoxicity results were estimated
using the MTT assay. The short-interval irradiation
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prevented the culture medium from being overheated,
and the 980 nm NIR laser irradiation (5 min break after
10 min of irradiation) showed no significant cytotoxic
effects on the Hela cells (Figure 4A). Moreover, 365 nm
UV light irradiation with different irradiation times also
did not affect the growth of Hela cells (Figure 4B). Thus,
the light excitation has no toxic effects on the cells. To
confirm the PDT efficacy of UCNPs@TiO, NCs in Hela
cells, the cytotoxic effects of UCNPs@TiO, NCs on Hela
cells under 980 nm NIR laser and 365 nm UV light
irradiation are presented in Figure 4C. Hela cells only
with the UCNPs@TiO, NCs acted as the control. The
UCNPs@TiO, without any light excitation had no im-
pact on cell viability over a wide range of concentra-
tions, suggesting a low dark toxicity, thus ensuring a
large potential range of applications in the field of
cancer photodynamic therapy. However, the viability
of the Hela cells treated with UCNPs@TiO, in the
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presence of 980 nm laser (4.7 W-cm™2, 5 min break
after 10 min of irradiation) or 365 nm light irradiation
for 30 min decreased remarkably compared to those
under light irradiation or UCNPs@TiO, alone, which
indicated that the phototoxicity of UCNPs@TiO, could
have increased the mortality of Hela cells. Thus, the
cell death was dominated by the NIR light triggered
PDT effect resulting from the fluorescence resonance
energy transfer from UCNP cores to TiO, shells upon
980 nm NIR laser excitation. Additionally, we also
prepared core/shell NCs by directly coating the original
NaYF4:Yb>",Tm** core with a TiO, shell (Figure S6). The
survival rate of Hela cells treated with NaYF,Yb3*,
Tm3**@TiO, is obviously higher than those with
UCNPs@TiO, treatment via 980 nm laser irradiation,
indicating lower PDT efficacy due to the ineffective up-
convering of the NIR laser to UV emission of NaYF,Yb3t,
Tm*" compared to NaYF,Yb*",Tm**@NaGdF,:Yb>*.
Thus, to improve the efficacy of TiO,-based NIR light
mediated PDT, it is necessary to coat the NaGdF,:Yb>*
active shell outside the original NaYF.:Yb*",Tm** core.

Cell death pathways of PDT include apoptosis,
necrosis, and autophagy-associated cell death.’® To
detect the pathway of cell death induced by NIR light
triggered PDT, the effect of UCNPs@TiO, on apoptotic
death in Hela cells was assessed by employing annexin
V/PI staining and FACS analysis, as shown in Figure 4D.
Flow cytometry with annexin V (annexin V-FITC) and PI
staining can clearly distinguish early apoptosis from
late apoptosis or necrosis. As indicated in FACS analysis
scatter grams, annexin V/PI staining of control cells and
UCNPs@TiO, alone showed a large viable cell popula-
tion with very few staining for early apoptotic, late
apoptotic, and dead cells. However, comparing with
lightirradiation, which caused no significant apoptosis,
NIR or UV light mediated PDT treatment of Hela cells
with UCNPs@TiO, at 500 ug-mL~"' doses resulted in a
stronger shift from live cells to early apoptotic and late
apoptotic cell populations. The dose- and irradiation
time-dependent apoptotic effects of NIR-triggered
UCNPs@TiO,; in Hela cells are clearly shown in Figure
S7. All the results indicated that apoptosis was a major
cell death modality in Hela cells responding to NIR
light triggered PDT with the UCNPs@TiO, NCs.

Cell Apoptosis Mechanisms for NIR-Triggered PDT. Two
main apoptotic pathways have been documented:
death receptor-mediated apoptosis (extrinsic pathway)
and mitochondria-mediated apoptosis (intrinsic path-
way). Mitochondria have emerged as the central process-
ing organelles in the majority of apoptotic pathways.
Mitochondria membrane potential (MMP, AWm) is an
early event in apoptosis, and JC-1 staining was used to
evaluate the alterations in A¥m.%*~% When the AWm
is high, JC-1 accumulates in the mitochondrial matrix
to form JC-1 aggregates that produce red fluorescence.
Alternatively, green fluorescence is generated by the
JC-1 monomers when JC-1 cannot assemble in the
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mitochondrial matrix. As presented in Figure S8, in
the Hela cells incubated with UCNPs@TiO, alone, a
high MMP was maintained, as indicated by the predom-
inantly red fluorescence of the JC-1 aggregates. How-
ever, after 980 nm NIR light irradiation PDT treatment,
the intensity of the red fluorescence of JC-1 aggregates
was significantly weaker and the green fluorescence of
JC-1 monomers was stronger compared with the con-
trol group (Figure 5A). To further confirm the above
results, Hela cells were treated with UCNPs@TiO, with
and without NIR light irradiation, stained with JC-1,
followed by flow cytometry (Figure 5B). FCM results
showed control cells, UCNPs@TiO, alone, and NIR light
alone with well-polarized, red-emitting mitochondria
localized in the upper region of the plot, revealing no
mitochondrial damage. Hela cells treated with NIR light
mediated PDT underwent a progressive loss of red
fluorescence, and a shift downward over different irra-
diation times indicated a loss of MMP and mitochondrial
damage. The change in the microscopy or cytofluori-
metric pattern suggests that NIR light mediated PDT can
induce apoptosis through a mitochondria-involved
apoptosis pathway. To investigate the underlying mo-
lecular mechanism for the induction of apoptosis by
NIR light mediated PDT, the protein expression of Bcl-2
family proteins in UCNPs@TiO,-treated Hela cells after a
30 min irradiation with a 980 nm laser was measured by
Western blotting, as shown in Figure 5C. The activation
of mitochondria is controlled by the family of Bcl-2
proteins, which are classified as proapoptotic proteins
(e.g., Bax and Bak) and antiapoptotic proteins (e.g., Bcl-2,
Bcl-xL, and Mcl-1).57%8 After NIR light mediated PDT,
increased levels of Bak (Figure S9a) but no obvious
modulation of Bax (Figure S9b) were observed. In
parallel, the expressions of Bcl-xL (Figure S9c) and
Bcl-2 (Figure S9d) were significantly decreased and no sig-
nificant difference in Mcl-1 protein expression (Figure S9e)
between the control and PDT group was observed.
The overexpression of Bcl-xL has been detected in many
human cancers,®® and down-regulation of Bcl-xL was
found in the mitochondria-involved apoptosis.”® Up-
regulation of Bak can form multimers and lead to cyto-
chrome c release from mitochondria into the cytosol to
promote cell apoptosis.”’ =7 Chiang and co-workers
discovered a significantly higher expression of Bak
protein in oral verrucous hyperplasia and oral leuko-
plakia lesions treated with topical 5-aminolevulinic
acid-mediated photodynamic therapy (ALA-PDT).”*7>
They concluded that the Bak and the ratio of the pro-
apoptotic to antiapoptotic protein (Bak/Mcl-1) may serve
as important biomarkers that can predict the clinical
outcome of topical ALA-PDT. In addition, antiapoptotic
proteins (Bcl-2, Bcl-xL, and Mcl-1) can counteract the
proapoptotic activity from Bax, and the ratio of Bax/Bcl-2
might be another useful factor in the cell threshold for
undergoing apoptosis induced by PDT.”®~”% The in-
creased levels in the ratios of Bak/Bcl-xL, Bak/Mcl-1,
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Figure 5. NIR-mediated PDT induced mitochondrial damage in HelLa cells. (A) Cells treated with UCNPs@TiO, NCs
(800 ug- mL~") were irradiated by a 980 nm laser (4.7 W-cm™2, 30 min, 5 min break after 10 min of irradiation) and stained
with JC-1. Increase of green fluorescence in irradiated cells suggests loss of mitochondrial membrane potential: (a) nuclei of
cells being dyed blue by Hoechst 33324, (b) JC-1 forming red-emitting aggregates in the mitochondrial matrix, (c) green-
emitting monomers in the cytoplasm, (d) overlapped image, x—y top view at a given z, and two other images of the respective
x—2z and y—z side views along the green lines. All scale bars are 30 um. (B) The change of mitochondria membrane potential
was objectively measured using flow cytometry: (a) control, (b) UCNPs@TiO, NCs alone, (c) 980 nm NIR laser irradiation alone,
(d—f) UCNPs@TiO, + 980 nm NIR laser irradiation for different times (10, 20, and 30 min). (C) Expression of Bcl-2 family
proteins (i.e., Bax, Bak, Bcl-2, Bcl-xL, and Mcl-1) by Western blotting analysis after 30 min of irradiation using a 980 nm laser;
GAPDH was used as an internal control. (D) Expression of Cyto C and pro-caspase 3 proteins by Western blotting analysis after

30 min irradiation using a 980 nm laser; GAPDH was used as an internal control.

and Bax/Bcl-2 demonstrated NIR light mediated PDT
has proapoptotic effects on Hela cells (Figure $10). The
levels of cytochrome c in the cytoplasm were signifi-
cantly increased, together with a corresponding decline
of cytochrome c in the mitochondria (Figure 5D), reveal-
ing the release of cytochrome ¢ from mitochondria
into the cytoplasm. Cytochrome ¢, a pivotal effector
of apoptosis, can lead to the activation of caspases
in the apoptosome. Caspase 3 is the main effector
caspase that is involved in apoptosis. The expression
of pro-caspase 3 decreased significantly after NIR
light mediated PDT treatment (Figure S9f). To identify
whether caspase 3 is involved in NIR-mediated PDT
induced apoptosis, the catalytic activity of caspase 3
was measured using a caspase colorimetric assay kit.
Caspase activity was significantly increased compared to
the control group after NIR-mediated PDT treatment
(Figure S11a), indicating the activation of caspase 3. To
further evaluate the role of caspase 3 in the apoptosis
pathway, Hela cells were pretreated with the caspase
3 inhibitor Ac-DEVD-CHO before PDT treatment. Pre-
treatment of Ac-DEVD-CHO can attenuate cell death
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efficiently following NIR-mediated PDT treatment
(Figure S11b). The above results revealed that the NIR-
mediated PDT induced apoptosis can be through a
caspase-dependent mechanism.

The potential molecular mechanism of inducing
apoptosis with UCNPs@TiO,-based NIR light mediated
PDT treatment is summarized in Scheme 1. Irradiated
by the 980 nm NIR laser, the UCNPs cores upconvert
NIR light to UV light and transfer it to the TiO, shells.
The electron on the valence band of the TiO, shell was
excited to the conduction band, and a hole was
generated on the valence band, resulting in the for-
mation of an electron—hole pair, eliciting further redox
reactions for the generation of ROS (such as H,0,
and OH°). Intracellular ROS, which were generated by
UCNPs@TiO, accumulated in the membranes of mito-
chondria via NIR light irradiation, induce mitochondrial
inner membrane permeabilization and depolarization.
Often the first event observed in PDT-induced apop-
tosis is a dissipation of the MMP. The members of the
Bcl-2 family proteins are the key regulators of the
mitochondria-mediated apoptosis.”*®° Bcl-2 protein
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Mimchomgion :

Scheme 1. Plot for potential molecular mechanism of inducing apoptosis with UCNPs@TiO,-based NIR light mediated PDT treatment.

expression was proposed to be associated with a
favorable response to PDT and could be used as a
predictor of cancer response to PDT. NIR light
mediated PDT based on UCNPs@TiO, induces selective
down-regulation of the proapoptotic proteins (Bcl-xL
and Bcl-2) and up-regulation of antiapoptotic protein
(Bak), as well as the increased levels of Bak/Bcl-xL,
Bak/Mcl-1, and Bax/Bcl-2. The major influence over a
cell's propensity to undergo apoptosis in response to a
toxic stimulus is the ratio of the antiapoptotic proteins
to proapoptotic proteins. As the switch of mitochondria-
related apoptosis, the shift in the balance between the
activities of proapoptotic and antiapoptotic proteins
can decide the susceptibility of cells to PDT-mediated
apoptosis. Thus, the increase of the Bak/Bcl-xL, Bak/
Mcl-1, and Bax/Bcl-2 ratios might be a critical factor in
the Hela cell threshold for undergoing apoptosis
induced by UCNPs@TiO, NCs as PS in NIR-mediated
PDT. Cytochrome c (one of apoptogenic molecules) is
a pivotal effector during apoptosis;®' 8% the release
of cytochrome ¢ from mitochondria is a key step in
PDT-induced apoptotic death. The intrinsic, mitochon-
drial apoptotic pathway is regulated by the Bcl-2
family proteins that govern the release of cytochrome
¢ from the mitochondria. The up-regulation of Bak
protein can promote the release of cytochrome
¢ from the mitochondria into the cytosol, initiating the
apoptotic cascade. NIR light mediated PDT treatment
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significantly increased the levels of cytochrome ¢ in
the cytoplasm, together with a corresponding decline
of mitochondrial cytochrome c. In the cytosol, cyto-
chrome c probably binds with Apaf-1 and pro-caspase 9,
leading to the activation of pro-caspase 9 in the
oligomeric complex (the apoptosome). Caspase 9
cleaves and activates the pro-caspase 3 (downstream
caspases). The level of pro-caspase 3 decreased sig-
nificantly after NIR light mediated PDT treatment,
indicating the activation of caspase 3. Caspase 3, the
major executioner caspase, is activated in most cases of
PDT-induced apoptosis with a number of different
photosensitizers.2*~# The activation of caspase 3 re-
sults in the biochemical and morphological features of
apoptotic cell death, including cell shrinkage, mem-
brane blebbing, and internucleosomal DNA fragmen-
tation. All the above results suggest that the induction
of apoptosis in UCNPs@TiO,-treated Hela cells by NIR
light mediated PDT may be associated with the dis-
ruption of mitochondrial function and activation of
caspases.

In Vivo Tumor Inhibition Efficacy. To investigate the
imaging-guided therapeutic potential in vivo, a HelLa
tumor model was selected to evaluate the antitumor
efficacy of UCNPs@TiO,-based NIR light mediated PDT,
as well as the MR and CT imaging effects. In addition to
enhancing upconverting emission, the NaGdF,:Yb®"
active shell also plays an important role in improving
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Figure 6. In vivo tumor volume changes of tumor-bearing mice in different groups after various treatments (A); error bars
indicate standard deviations, n = 6 (**p < 0.01 as compared with the control group). Digital photographs of excised tumors
from representative mice after various treatment (B). Images of H&E stained tumor sections from the control group and NIR
light mediated PDT group (C). Representative images of the tumor sections examined by TUNEL assay (D). Representative
photographs of the tumor sections examined by immunohistochemical staining for caspase 3. The assessment of caspase 3
was based on a cytoplasmic staining pattern (E). Representative histological H&E staining of various organ tissues from the
control group and NIR light mediated PDT group (F). (Original magnification: C, D, and E, 200x; F, 80x.)

MRI and CT sensitivity. T;-weighted MR images of
UCNPs and UCNPs@TiO, acquired by a 1.2 T MR scan-
ner revealed the concentration-dependent brighten-
ing effects (Figure S12a). Compared with UCNPs at the
same concentration of Gd, the UCNPs@TiO, presented
a little lower positive contrast enhancement due to the
TiO, shell coating outside the UCNPs. The longitudinal
relaxivity (r;) values of UCNPs and UCNPs@TiO, are
0.8634and 0.6873mM ' s, respectively (Figure S12b).
In vivo MR imaging of tumor-bearing mice was further
performed by intratumorally injecting a solution of
UCNPs@TiO, NCs. As illustrated in Figure S12c and d,
the tumor site shows a little higher MRI signal intensity
after injection, revealing that the UCNPs@TiO, NCs
may serve as a potential contrast agent for T; MR
imaging. For high-resolution and deep tissue pene-
tration, X-ray CT is an important diagnostic imaging
technique. The CT contrast efficacy of Yb- and Gd-
based UCNPs@TiO, core/shell NCs was assessed. The
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CT values and signals increased with increasing the
concentration of the UCNPs@TiO, NCs (Figure S13a,b).
In vivo CT imaging was further detected by intratumor-
ally injecting a solution of UCNPs@TiO, NCs. The CT
value in the tumor increases from 25 Hounsfield units
(HU) to 178 HU at coronal position (Figure S13cf),
confirming that UCNPs@TiO, core/shell NCs could
serve as a contrast agent for CT imaging to monitor
the UCNPs@TiO, locating in the tumor during the
process of PDT. HeLa tumor-bearing Balb/c nude mice
were intratumorally injected with UCNPs@TiO, NCs
(Figure S14a), and the tumor sites were irradiated by
a 980 nm laser at 12 h postinjection (Figure S14b). The
groups that received intratumorally injected saline
and UCNPs@TiO, without subsequent laser exposure
served as controls. In addition, mice that received
980 nm laser irradiation without intratumoral injection
were also applied as a control. The tumor volume in
the control group increased remarkably during the
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treatment, as shown in Figure 6A. In sharp contrast,
the group treated with 980 nm laser irradiated UCNP-
s@TiO, showed a much slower growth rate, indicating
the good tumor growth inhibition efficacy (Figure S14c,d).
The digital photos of excised tumors from rep-
resentative mice (Figure 6B) visually display that the
tumor sizes under NIR light mediated PDT treatments
were smaller than the other groups (Figure S15). More-
over, the group with UCNPs@TiO, intratumorally in-
jected via 980 nm laser irradiation exhibited better
tumor inhibition than that under 365 nm light irradia-
tion due to the deeper tissue penetration of NIR light
than UV light. Liu and co-workers loaded chlorin e6
(Ce6) onto NaFY,-based UCNPs to form a UCNP—Ce6
complex, which is used for NIR light mediateded PDT
treatment of tumors in an animal model, demonstrat-
ing the efficient NIR-induced PDT of tumors using
UCNPs with intratumoral injection.'” Yoon, Lee, and
Hyeon prepared NaYF,:Yb,Er/NaGdF, core/shell nano-
particles with enhanced upconversion emission and
conjugated Ce6 on the UCNPs to induce a therapeutic
effect. They demonstrated the PDT effect of UCNP—
Ce6 through systemic administration via 980 nm laser
irradiation.®° The above excellent research provided an
encouraging alternative to circumvent limitations of
current photodynamic therapies. On the basis of the
previous experiences of the reported research, we
designed a novel NIR light activated photosensitizer
for PDT based on UCNPs@TiO, without introducing
other cytotoxic organic PSs, and NIR light triggered
PDT of tumor-bearing mice with an intratumoral injec-
tion of UCNPs@TiO, can suppress tumor growth effi-
ciently. Histological analysis showed that little damage
was found in the tumor tissues from the control group,
whereas most of tumor tissue cells under NIR light
mediated PDT treatments were destroyed, as evi-
denced by the images of hematoxylin and eosin
(H&E) staining of tumor slices (Figure 6C). To further
confirm the ability of NIR light mediated PDT to elicit
apoptosis in vivo, in situ TUNEL staining was carried out
on tissue sections of tumors excised from the mice
treated with 980 nm laser irradiated UCNPs@Ti0,.8” ~%°
As illustrated in Figure 6D, UCNPs@TiO,-based NIR
light mediated PDT caused a significantly higher per-
centage of TUNEL-positive apoptotic cells (dark brown
nuclei) than the control group. Further, to verify
whether regression in tumor growth by NIR light
mediated PDT was due to induction of apoptosis, we
studied expressions of caspase 3 in PDT treatment

MATERIALS AND METHODS

Materials. All the chemical reagents were used as received
without further purification. Rare earth oxides (Y,0s, Gd,0s,
Yb,03, and Tm,03) were purchased from the Science and
Technology Parent Company of the Changchun Institute of
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tumor samples and observed that NIR-mediated PDT
enhanced the expression of caspase 3 protein (more
caspase 3 staining in the cytoplasm) as compared to
the control tumors (Figure 6E). Representative images
with low magnification of the tumor sections examined
by H&E staining (A), TUNEL assay (B), and immunohisto-
chemical staining for caspase 3 (C) are presented in
Figure S16. The result was similar to the in vitro NIR light
mediated PDT. We also looked into the potential toxic
side effects of the UCNPs@TiO,-based NIR light mediated
PDT treatment. Histology analysis of major organs from
mice after UCNPs@TiO, injection and NIR light mediated
PDT treatment indicated no appreciable abnormality or
noticeable organ damage (Figure 6F). All the results
preliminarily proved that the UCNPs@TiO,-based NIR
light mediated and bioimaging-guided PDT could be a
safe and practical cancer treatment technique.

CONCLUSION

In summary, we reported an efficient NIR light
mediated photosensitizing nanoplatform for PDT
based on UCNPs@TiO, core/shell NCs. UCNPs@TiO,
could efficiently produce extracellular and intracellular
ROS by converting deeply penetrating NIR light into UV
light to excite the TiO, shell attached on the UCNPs
core. On comparing with the original NaYF,:Yb*", Tm3"
core, NaYF,:Yb> ", Tm*"@NaGdF,:Yb>" core/shell struc-
tured UCNPs could transfer the enhanced upconvert-
ing UV light to the TiO, shell, which inhibited tumor
cells more effectively. In vitro anticancer results sug-
gest that the induction of apoptosis in UCNPs@TiO,-
treated cells by NIR light mediated PDT may be asso-
ciated with disruption of mitochondrial function and
activation of caspases. The results of in vivo PDT clearly
indicate that the approach of an indirectly exciting TiO,
shell viaa 980 nm NIR laser is more effective in practical
tumor inhibition than direct excitation of UCNPs@TiO,
with 365 nm UV light due to the higher tissue penetra-
tion depth of NIR light. On the basis of the evidence of
in vitro and in vivo studies, we provide a NIR light
mediated strategy for in vivo PDT with UCNPs@TiO,. In
addition, due to the presence of Gd and Yb ions in the
UCNPs@TiO, NCs, these NCs could serve as potential
MRI and CT contrast agents, which may monitor the
physiological procedures in cancer treatment. There-
fore, UCNPs@TiO, with efficient PDT effects and good
imaging capability are a promising multifunctional
cancer therapy nanoplatform for simultaneous bioimag-
ing and therapeutics.

Applied Chemistry (China). Octadecene (ODE, 90%, technical
grade), oleic acid (OA, 90%, technical grade), polyvinylpyrroli-
done (PVP, M,, = 40,000), fluorescin isothiocyanate (FITC), and
aminopropyltrimethoxysilane (APTMS) were purchased from
Aldrich. Ammonium fluoride (NH4F) was purchased from Beijing
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Yili Fine Chemical Regent Company (China). TiF, (99%) was
purchased from Acros. The rare earth chlorides YCls, YbCls, and
ErCl; were prepared by dissolving the corresponding rare earth
oxides in hydrochloric acid at elevated temperature followed by
evaporating the solvent.

Synthesis of NaYF,:Yb*',Tm** @NaGdF,:Yb®" Core/Shell UCNPs.
NaYF,:Yb**,Tm>* (59.5% Y*", 40% Yb**, and 0.5% Tm>*, molar
ration) parent cores were prepared via a thermal decomposition
reaction.”’ Our previously developed method was used to
synthesize NaYF,:Yb>",Tm>*T@NaGdF,:Yb>* core/shell UCNPs *%%3
In a typical procedure, after removing residual water and oxygen
under vacuum with magnetic stirring, 20 mL of OA/ODE (v/v = 1:1)
containing 2 mL of cyclohexane solution with half of the above
parent cores was rapidly heated from 150 °C to 310 °C under a N,
atmosphere. As the shell precursors, 1 mmol of RE(CF;COO)3 (98%
Gd*" and 2% Yb*", molar ratio) mixed with 4 mL of OA/ODE (v/v =
1:1) containing 1 mmol of CF3COONa was injected into the above
solution immediately. The reaction was kept 1 h at 310 °C, and the
obtained oleic acid-stabilized NaYF4:Yb®",Tm>"@NaGdF,Yb>"
core/shell structured UCNPs were dispersed in 15 mL of cyclohex-
ane for further coating of TiO,.

Synthesis of UCNPs@Ti0, Core/Shell Nanocomposites. The above
core/shell UCNPs, which were isolated by centrifuging a mixture
of 1 mL of UCNP cyclohexane solution and excess ethanol, were
transferred into 5 mL of a 0.05 M HCl solution. After ultrasonica-
tion to remove the surface ligands, ligand-free UCNPs were
obtained via centrifugation. The ligand-free UCNPs were dis-
persed in 5 mL of deionized water containing 0.5 g of poly-
vinylpyrolidone (average mol wt 40000) with ultrasonication
and magnetic stirring for 1 h. Then these PVP-capped UCNPs
were mixed with 20 mL of ethanol under magnetic stirring for
another 30 min. As a titanium source, 4 mL of a 0.025 M TiF,
aqueous solution was added dropwise into the above solution
under stirring. The as-formed reaction solution was transferred
into a 50 mL sealed Teflon-lined autoclave and maintained at
180 °C for 6 h. After cooling the autoclave to room temperature,
the obtained precipitates were separated by centrifugation and
washed with ethanol and deionized water three times, respec-
tively. The as-synthesized UCNPs@TiO, core/shell NCs were
sterilized by autoclaving and dispersed in bacteria-free water
for further applications.

UV-Driven Photocatalysis Experiment. In a typical photocatalytic
test, a mixture of 20 mg of UCNPs@TiO, core/shell NCs (catalyst)
and 4 mL of methylene blue solution (5 mg- L, dye) was kept
in the dark for 12 h before irradiation. Then WD-9403E (8 W,
365 nm ultraviolet lamp, China) and KS3-11312-312 (2 W,
980 nm laser, BWT Beijing Ltd.) served as the irradiation sources.
After irradiation for different times, 2 mL of the MB aqueous
solution was withdrawn, followed by centrifugation. The con-
centration of MB in the supernatant was determined by UV—vis
absorption spectrum at the characteristic wavelength 663 nm.

In Vitro Dark Cytotoxicity of UCNPs@Ti0, NCs. Hela cells were
plated out at a density of 5000 cells per well in a 96-well plate
and incubated overnight to allow the cells to attach to the
bottom of the wells. The ultrasonically treated UCNPs and
UCNPs@TiO, were diluted in Dulbecco's modified Eagle's me-
dium (DMEM) (containing 10% fetal bovine serum) at serial
concentrations of 50, 100, 200, 500, and 800 ug- mL~" and then
added to the culture wells to replace the original culture
medium for another 24 h, incubating at 37 °C. The MTT assay,
a standard test for screening the toxicity of biomaterials in
accordance with ASTM standards, was used on the Hela cells to
evaluate the relevant cell viabilities.

Celluar Uptake and Localization of UCNPs@Ti0, NCs. Cellular uptake
and localization of UCNPs@TiO, were examined using induc-
tively coupled plasma mass spectrometry, flow cytometry, and
TEM, respectively. Hela cells (1 x 10 were seeded in six-well
plates. These cells were treated with UCNPs@TiO, NCs
(500 ‘ug-mL’1) and then incubated at 37 °C for various times
(1,3,5,6,7,and 12 h). After being rinsed with PBS three times,
the cells were lysed by cell lysis buffer. ICP-MS was used to
determine the titanium content in the cell lysis solution.

Fluorescein isothiocyanate was used to label UCNPs@TiO,
(UCNPs@TiO,—FITC) as follows: 2 mg of FITC and 45 ulL of
APTMS were dissolved in 1 mL of ethanol, and the mixture
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was stirred at room temperature for 12 h in the dark. Then 20 mg
of composites dispersed in 20 mL of ethanol was added in 20 uL
of the above solution, and the mixture was refluxed at 80 °C for
another 12 h. The composites were separated by centrifugation
and washed with ethanol and dialysis against water (cutoff
molecular weight: 8000—10000 Da). Cellular uptake by HelLa
cells was examined using flow cytometry. For FCM studies, HelLa
cells (1 x 10°) were seeded in six-well culture plates and grown
overnight. The cells were then treated with UCNPs@TiO,—FITC
(500 ug-mL™") at 37 °C for 1, 2, 3, 5,6, and 7 h. A single cell
suspension was prepared consecutively by trypsinization, wash-
ing with PBS, and filtration through 35 mm nylon mesh. There-
after, the cells were lifted using a cell stripper (Media Tech. Inc.)
and analyzed using a FACSCalibur flow cytometer (BD Bio-
sciences) for FITC. The excitation and emission wavelengths
were 488 and 525 nm, respectively.

The Hela cells were seeded in six-well culture plates at a
density of 1 x 10° cells per well and incubated overnight,
followed by incubation with UCNPs@TiO, NCs (500 ug-mL™")
for 6 h at 37 °C. Then, the cells were thoroughly washed with
PBS in order to eliminate NCs that were not internalized.
Subsequently, cells were trypsinized with trypsin, collected by
centrifugation, fixed in glutaraldehyde (2.5%), embeded in
resin, cut into ultrathin sections, stained by osmic acid, and
finally imaged using TEM. Sections of fixed whole cells contain-
ing UCNPs@TiO, NCs were examined by a Hitachi H-7650 TEM
(Japan) with a field emission gun operating at 80 kV.

Extracellular and Intracellular ROS Detection. The generation of
extracellular ROS quantum yield was measured with a DPBF
probe. In a typical process, 10 mg of UCNPs@TiO, NCs was
dispersed well in 2 mL of DPBF solution (0.5 mg-mL™") with
ultrasonic processing in the dark; then the mixture was irra-
diated, with magnetic stirring, under a 980 nm NIR laser (BWT
Beijing Ltd., 4.7 W-cm ™) for various time periods. The genera-
tion of ROS was demonstrated by the characteristic absorption
decrease of the DPBF using a UV—vis absorption spectrum.

A cell-permeable dye of fluorogenic substrate DCFH-DA,
which could be oxidized to the highly fluorescent DCF by ROS,
was chosen to detect the intracellular generation of ROS. After a
6 h incubation of HelLa cells in the dark with UCNPs@TiO, NCs,
noninternalized NCs were rinsed with PBS, and fresh culture
media containing DCFH-DA (20 #m) was added for another 1 h
incubation in the dark. The HeLa cells were then irradiated with
a 980 nm NIR laser at a power density of 4.7 W-cm~2 for 30 min.
To prevent the culture medium from being overheated, the
laser treatment was done at 5 min intervals for each 10 min
irradiation. A 980 nm NIR laser irradiated the entire area of the
well, and the temperature of the culture medium in the well was
monitored at the interval time points during the irradiation
process. The temperature of the culture medium in the well
increased from 22.5 °C to 29.3 °C after 10 min irradiation by the
980 nm laser and decreased to 23.6 °C 5 min after the laser was
shut down. Then the irradiated cells were collected by trypsin-
ization, resuspended in PBS after being washed three times,
and filtered through 35 mm nylon mesh to form a single-cell
suspension. The intracellular ROS level was analyzed using the
FACSCalibur flow cytometer, where the gate was arbitrarily set
for the detection of green fluorescent DCF. The excitation and
emission wavelengths were 485 and 525 nm, respectively.

In Vitro PDT Effect. The Hela cells were seeded in 96-well
culture plates at a density of 5000 cells per well. After being
incubated overnight, the cells were treated with UCNPs@TiO,
NCs at serial concentrations of 50, 100, 200, 500, and
800 ug-mL~" for 6 h at 37 °C in the dark. After removing the
medium containing noninternalized NCs, the cells were washed
three times with PBS and then irradiated for 30 min with the
980 nm NIR laser (4.7 W-cm™2 5 min break after 10 min
irradiation) and 365 nm UV light (0.52 W-cm™) in the fresh
culture medium, respectively. After the PDT process, the cells were
further incubated for 24 h in the dark, and the cell viability relative
to the control untreated cells was evaluated using the MTT assay.

Annexin Flow Cytometry. After the NIR light triggered PDT
treatment of UCNPs@TiO, NCs, Hela cells were incubated for
a further 3 h at 37 °C in the dark. Then cells (1 x 10°) were
harvested, washed twice with cold PBS (0.01 M, pH = 7.4), and
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resuspended in binding buffer according to the manufacturer's
protocols. Aliquots of the cells were mixed and incubated with
annexin-V-FITC and PI for 15 min at room temperature in the
dark. The induction of apoptosis was determined by analyzing
15000 ungated cells using a FACScan cytometer and Cell Quest
software (FACS Calibur; Becton-Dickinson, San Jose, CA, USA).
All experiments were performed in triplicate.

Mitochondrial Membrane Potential Detection Using JC-1. As the
hallmark for cellular apoptosis, MMP was measured using
JC-1 (fluorescent cationic dye, 5,5,6,6'-tetrachloro-1,1,3,3'-
tetraethylbenzimidazolylcarbocyanine iodide) by detecting a
switch from red to green fluorescence. After NIR light triggered
PDT treatment and a further 3 h incubation, HeLa cells (1 x 10°)
grown on a 35 mm confocal dish were washed twice with PBS
and incubated with JC-1 dye in serum-free medium for 20 min
at 37 °C. Subsequently, treated cells were rinsed with cold JC-1
buffer solution two times, incubated in fresh medium, and
visualized under a laser confocal microscope. The images were
detected at 488 nm excitation and 530 nm emission for green
(JC-1 monomers) and at 543 nm excitation and 590 nm emission
for red fluorescence (JC-1 aggregates). All the parameters used
in confocal microscopy were kept constant in each sample. In
addition, the percentage of low AWm cells was assessed by flow
cytometry. JC-1-stained Hela cells were suspended in PBS and
analyzed using a FACSCalibur cytometer equipped with a
488 nm argon laser to assess the percentage of low AWm cells.
The x-axis (FL-1 channel) of flow cytometry results indicated
the green fluorescence intensity (JC-1 monomers), and the
y-axis (FL-2 channel) was used to detect the red fluorescence
(JC-1 aggregates). The region Q, encloses the low AWm cell
population.

Cytosol/Mitochondria Fractionation. After NIR light triggered
PDT, Hela cells were harvested and then fractionated using a
cytosol/mitochondria fractionation kit according to the suppli-
er's recommendations. Briefly, cells were resuspended in an
extraction buffer (20 mmol-L™" 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid (HEPES, pH = 7.5), 1.5 mmol - L’ MgCl,,
10 mmol-L~" KCl, 1 mmol-L™" ethylenediaminetetraacetic acid,
1 mmol-L~" ethylene glycoltetraacetic acid, 1 mmol-L~" dithio-
threitol, 0.1 mmol-L™" phenylmethylsulfonyl fluoride, and
250 mmol-L™" sucrose) and homogenized with a microhomog-
enizer. The homogenates were centrifuged at 500g for 10 min at
4 °C.The supernatants were centrifuged at 10000g for 15 min at
4 °C. The remaining supernatant was designated as the cytosol
fraction, and the precipitation was mitochondria.

Total Protein Extraction. At the end of NIR light triggered PDT
treatment, HelLa cells were washed twice with cold PBS and lysed
for 30 min in 120 mL ice-cold cell-lysis buffer (50 mmol-L~" Tris,
pH = 8.0, 150 mmol-L~" NaCl, 0.1% SDS, 1% NP40, and 0.5%
sodium deoxycholate) containing proteinase inhibitors (1%
Cocktail and 1 mmol-L~" PMSF). Protein concentrations were
determined via Bradford assay.

Western Blotting Analysis. Protein samples (30—50 ug) were
denatured in 5x SDS-PAGE sample buffer and were subjected
to SDS-PAGE on 12% Tris-glycine gels. The separated proteins
were transferred onto 0.2 um PVDF membranes for 2 h at 60 V
using a Mini Trans-Blot electrophoretic transfer cell (Bio-Rad,
Hercules, CA, USA). The membranes were blocked with 5%
nonfat milk power (w/v) in TBST (10 mM Tris, 100 mM NacCl, and
0.1% Tween 20) for 1 h at room temperature. The specific
primary antibodies (dilution ratio: 1:500) were used to probe
the protein levels of the different desired molecules overnight
at 4 °C, followed by the appropriate peroxidase-conjugated
secondary antibodies (dilution ratio: 1:2000) for 2 h at room
temperature. The blots were visualized by Western blotting
detection reagents containing DL-p-Chloroamphetamine hy-
drochloride (PCA) and luminol according to the recommended
procedure. After normalization with the corresponding expres-
sion of GAPDH, the protein expression was determined using
densitometry scans. The data were expressed as the mean +
standard deviation (n = 3).

Caspase 3 Activity Assay. The activities of caspase 3 were
determined by colorimetric assays using caspase 3 activation
kits according to the manufacturer's protocols. At the end of the
NIR light triggered PDT treatment, the Hela cells were washed
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twice with cold PBS and scraped with a rubber policeman.
Cells were centrifuged at 10000g at 4 °C, and the cell pellet was
lysed in 100 uL of the supplied lysis buffer. The resulting suspen-
sion was centrifuged at 10000g, 4 °C, 10 min, and 10—20 uL of
supernatant was used for the caspase assay. The supernatants
were then collected and incubated at 37 °C, with the supplied
reaction buffer, which contained dithiothreitol and substrates.
The caspase 3 activity was then determined by measuring
changes in the absorbance at 405 nm using a microplate reader.

Inhibitor Treatment. The cell culture was preincubated for 2 h
with the caspase 3 specific inhibitor Ac-DEVD-CHO (100 uM)
before the addition of UCNPs@TiO, NCs. At the end of the NIR
light triggered PDT process, the cell viability was measured by
the MTT assay to evaluate whether the NIR-mediated PDT was
related to apoptosis through the caspase 3 pathway.

Animal Tumor Model and in Vivo PDT Treatment. The in vivo study
conforms to the guidelines of the National Regulation of China
for Care and Use of Laboratory Animals. Female Balb/c nude
mice (6 weeks old, purchased from Center for Experimental
Animals, Jilin University) were selected for establishing the
xenograft HeLa tumor models. Hela cells (4 x 10°) in 100 uL
of DMEM were subcutaneously injected into the armpit, and the
tumors were allowed to grow to a uniform size of around
100—150 mm?>. The mice bearing HelLa tumors were randomly
assigned into five groups (n = 6): (a) control (only received with
saline), (b) 980 nm laser irradiation alone, (c) UCNPs@TiO,
injection alone, (d) UCNPs@TiO; injection + 365 nm UV light
irradiation for 30 min, (€) UCNPs@TiO, injection + 980 nm laser
irradiation for 30 min. The tumors of group (b) were only
irradiated with the 980 nm laser at a power density of
2.9 W-cm~2 To avoid any tissue damage by heating, the laser
treatment was done with a 5 min interval for each 10 min of
irradiation. The surface temperature of the skin at the tumor site
increased from 26.8 °C to 31.2 °C after 10 min of irradiation by
the 980 nm laser and decreased to 27.2 °C after shutting down
the laser for 5 min. Therefore, the short-interval NIR light
irradiation is safe for the tissue. All the groups received only
one intratumoral injection with 100 uL of UCNPs@TiO,
(10 mg-mL”). Group (c) was only injected with UCNPs@TiO,
in the dark as a control. For groups (d) and (e), at 12 h postinjec-
tion, the tumor sites were irradiated with UV light and the 980 nm
laser, respectively. The body weights and tumor volumes were
monitored every 2 days after PDT treatment, for up to 14 days.
The tumor volume was calculated using the following formula:
Tumor volume (V) = length x width?/2. Relative tumor volume
was calculated as V/V, (V, was the corresponding tumor volume
when the treatment was initiated).

Histology Examination. For histology analysis, the mice were
sacrificed 24 h post PDT treatment. Organs and tumor tissues
from the control group and NIR PDT treated group were excised,
fixed in 4% formalin overnight, and then embedded in paraffin.
Tissue sections were deparaffinized in xylene, dehydrated in
graded alcohols (100%, 95%, 85%, 75%), and washed in distilled
water. The sliced tissue sections were stained with standard
hematoxylin and eosin (H&E) staining and then analyzed with
the inverted florescence microscope system (Nikon Ti-S).

In Situ TUNEL Assay for Apoptotic Cells. Apoptotic cell death in
paraffin-embedded tumor tissue sections was detected using
the In Situ Cell Death Detection Kit (Roche Applied Science,
Mannheim, Germany) according to the manufacturer's protocol.
The paraffin samples were removed from the sections with
xylene, rehydrated in graded alcohol series, and then placed in
3% hydrogen peroxide in methanol for 10 min at room tem-
perature. Sections were then incubated with 20 mg-mL™"
proteinase K for 15 min. The sections were washed several
times in PBS and then incubated with equilibration buffer for
15 s and TdT-enzyme at 37 °C for 1 h. Antibody blocking then
proceeded for 5 min, and then anti-fluorescein antibody-POD
(POD) (conjugated with horseradish peroxidase) was dropped
on the slides. 3,3’-Diaminobenzidine (DAB) was used as the
staining agent. Apoptotic cells were identified as dark brown
nuclei under a light microscope.

Immunohistochemical Analysis. Immunohistochemical detec-
tion of caspase 3 in 5 um thick tumor sections was performed.
The tumor sections were hydrated in 1x PBS for 5 min.
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The sections was incubated in 10 mM sodium citrate buffer for
antigen retrieval (pH = 6.0, 80 °C, 10 min). The sections were
cooled to room temperature, washed with 1x PBS for 5 min,
and incubated in PBS containing 1% hydrogen peroxide for
5 min to block endogenous peroxidases. The sections were
washed with 1x PBS for 5 min and blocked for 1 h in PBS
containing 1.5% normal serum. The slides were then incubated
with primary antibodies against caspase 3 (Santa Cruz, USA)
at 4 °C in a humidified chamber. After washing with PBS,
the sections were incubated with horseradish peroxidase-
conjugated secondary antibodies (dilution ratio: 1:100) for
30 min at 37 °C. The immune reaction was visualized by color
development with DAB. After counterstaining with hematox-
ylin, all sections were dehydrated, mounted with coverslips, and
viewed under the inverted florescence microscope system
(Nikon Ti-S, 100x magnification).

In Vitro and in Vivo T, Weighted MR Imaging. The in vitro and
in vivo MR imaging experiments were performed ina 1.2 T MRI
instrument (Shanghai Sci&Edu of Shiming Globe Instrument Co.
Ltd. HT-MRSI50-50KY). UCNPs@TiO, NCs with various concen-
trations of Gd (determined by ICP-MS) were dispersed in the
water. T, was acquired using an inversion recovery sequence. T,
measurements were performed using a nonlinear fit to changes
in the mean signal intensity within each well as a function of
repetition time by a 1.2 T MR scanner. The relaxivity values of r;
were determined through the curve fitting of 1/T; relaxation
time (s ") vs the Gd concentration (mM). To perform in vivo MR
imaging, UCNPs@TiO, NCs (100 uL, 10 mg- mL~") were intratu-
morally injected into the tumor-bearing mouse in situ. Then the
tumor-bearing mouse was anesthetized with 10% chloral hy-
drate by intraperitoneal injection. The mouse was scanned
before and after intratumoral injection.

In Vitro and in Vivo CT Imaging. The CT imaging experiments
were performed at a Siemens SOMATOM Sensation 64, and HU
variations were acquired and analyzed using Syngo CT 2009S
(Siemens, Berlin, Germany). The UCNPs@TiO, NCs with various
concentrations were dispersed in PBS and placed in 1.5 mL
tubes for in vitro CT imaging. To perform in vivo CT imaging,
UCNPs@TiO, NCs (100 uL, 10 mg-mL”) were intratumorally
injected into the tumor-bearing mouse in situ. Then the tumor-
bearing mouse was anesthetized with 10% chloral hydrate by
intraperitoneal injection. The mouse was scanned before and
after intratumoral injection. In vivo CT images were acquired at
predetermined time intervals with a slice thickness of 1.0 mm, a
tube voltage of 120 kV, and an electrical current of 280 mA.

Statistical Analysis. Statistical analysis was performed with
the Statistical Program for Social Sciences software (SPSS,
Chicago, IL, USA) as needed. All data were expressed as means +
standard deviation, and a statistically significant difference
was considered to be present at p < 0.05. Except as mentioned,
all assays were repeated in triplicate in three independent
experiments.
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