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ABSTRACT: Photodynamic therapy (PDT) for deep-seated tumor is
largely impeded by the limited penetration depth of excitation light in &
tissue. X-ray is considered as an ideal energy source to activate
photosensitizers (PSs) located deep within the body with the

assistance of scintillating nanoparticles (ScNPs). However, the efficacy
under this concept is not satisfying due to the low scintillating

luminescence and weak energy transfer from ScNPs to PSs. Here,
mesoporous LaF;:Tb ScNPs were successfully synthesized by a facile
hydrothermal process to act as PS carriers and X-ray energy
transducers, owing to their good ionizing radiation stopping power
and high luminescence efficiency. The formation mechanism of porous
structure was elucidated in detail with classical crystallization theory.
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After a systematic investigation, LaF;:Tb ScNPs with optimized

scintillating luminescence were obtained for loading Rose Bengal (RB) to establish an efficient FRET system, owing to their
excellent spectral match. The FRET efficiency between ScNPs and RB was calculated to be as high as 85%. Under irradiation,
enhanced 'O, generation induced by LaF;:Tb-RB nanocomposites via FRET process was detected. This LaF;:Tb-RB FRET
system shows great potential to be applied in X-ray stimulated PDT for deep-seated tumors in the future.
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B INTRODUCTION

Photodynamic therapy (PDT) is an emerging cancer therapy
modality which contains three essential components: excitation
light, photosensitizer (PS), and oxygen." With the excitation of
light at appropriate wavelength, PS is activated to produce
reactive oxygen species (ROS) in the presence of oxygen
molecules. In ROS, singlet oxygen ('O,) dominates the
cytotoxicity of PDT via apoptotic, necrotic, and autophagy-
associated pathways.” Compared with conventional therapy
modalities, such as chemotherapy, surgery, and radiotherapy,
the major advantages of PDT are the intrinsic safety, high
selectivity, and minimal invasion.> Benefit from these character-
istics, PDT has been extensively applied in clinic for cancer
therapy.*"® However, the application of PDT is restricted to
peripheral and endoscopically accessible regions due to the
limited penetration depth of excitation light in tissue.””'°

In order to extend PDT to deep-seated tumors, NIR light,
which possesses better tissue penetration ability, was
introduced as the excitation source.'' " Several kinds of
inorganic nanoparticles,5 such as upconversion nanopar-
ticles, "+~ gold nanoparticles,lg_21 and quantum dots,”* were
employed to enhance the therapy efficacy. Although the light
penetration depth can be improved to some extent under this
concept, it is still limited to not more than 15 mm.>® To
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thoroughly break through this remaining obstacle, X-ray was
proposed as the energy source to initiate PDT, which can be
named as X-ray excited PDT (XE-PDT).**** Compared with
conventional PDT modalities, XE-PDT exhibits many advan-
tages. On the one hand, PDT for deep seated tumor therapy is
accessible due to the unlimited penetration depth of the high-
energy photons in tissue. On the other hand, utilization of X-
ray as the PDT light source makes it feasible to integrate
diagnosis, radiotherapy, and PDT for tumor theranostic
applications. In this outstanding approach, not only can the
tumor cure rate be raised, but the radiation dose and side effect
in radiotherapy can be greatly diminished as well. Unfortu-
nately, clinically used PSs have weak ability to absorb X-ray
photons directly. To succeed in XE-PDT, antennas are usually
employed to accept the energy of X-ray and then transfer it to
PSs. Scintillating nanoparticles (ScNPs) are competent for this
role due to their intense luminescence under X-ray irradiation.

XE-PDT based on scintillating nanoparticles was first
proposed by Chen et al. in 2006,> and a lot of investigations
in this field have been reported by his group.”*?” Lanthanide-
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doped fluoride/oxide nanoparticles such as LaF;:Tb/Ce or
Tb,0; were often used as X-ray energy acceptors. After the
conjugation of commonly used PSs on the surface of these
nanoparticles, 'O, could be generated under X-ray irradiation.”®
Compared with PSs alone, the amount of 'O, generated by
ScNP-PS nanocomposites upon X-ray excitation was usually
several times higher. Some researchers have observed cell
damage and tumor inhibition of SCNP-PS nanocomposites with
low-dose X-ray irradiation.”” > Although encouraging progress
has been made after massive efforts, XE-PDT modality is still
not as efficient as conventional PDT in terms of 'O, quantum
yield, cancer cell killing efficiency, and tumor inhibition. After
systematic summary and thorough analysis of the research
progress, we conclude that the following reasons contribute to
the unsatisfying results of XE-PDT: (a) In these works, ScNPs
involved are usually lanthanide doped nanocrystals that many
factors, including particle composition, crystal structure, and
morphology are essential in the struggle for optimal
luminescence efficiency. However, little attention has been
paid to these parameters, not to mention the effects on X-ray
luminescence and XE-PDT efficacy. (b) In XE-PDT, PSs are
activated by photons emitted from ScNPs via FRET process in
which energy transfer efficiency is greatly related to the
spectrum overlap. In most of related works, PSs used are
usually porphyrin or their derivatives which possess maximal
absorption around 400 nm, while lanthanide-doped ScNPs
often exhibit strong emission between 450 to 600 nm resulting
in poor spectrum overlap,”® weak energy transfer, and low XE-
PDT efficacy. (c) The methods for the construction of ScNP-
PSs nano/microcomposites are sometimes complicated and
often involve tedious modification and conjugation procedures,
during which the luminescence efficiency of scintillating
particles and 'O, quantum yield of PSs will be largely
attenuated.

For improving XE-PDT, mesoporous LaF;:Tb nanoparticles
with excellent scintillating luminescence were successfully
prepared by a user-friendly and facile hydrothermal process.
After a systematical investigation, the formation mechanism of
mesopores was proposed and the effect of crystal composition,
structure as well as morphology on X-ray luminescence of the
ScNPs was clarified in detail. An optimized intense green
luminescence corresponding to the D, — ’Fj transition of
Tb* was observed under either UV light or X-ray irradiation.
With a simple pore loading strategy, water-soluble PS
molecules named Rose Bengal (RB) were encapsulated within
LaF;:Tb ScNPs to fabricate an efficient FRET system due to
the exact overlap of ScNPs’ emission band at 544 nm and RB’s
main absorption at 549 nm. Both steady-state spectra and
fluorescence delay dynamic analysis demonstrated that FRET
efficiency as high as 85% was achieved. Compared with RB
alone, enhanced 'O, generation from LaF;:Tb-RB nano-
composites was detected. All these results suggest that
LaF3;:Tb-RB nanocomposites have great potential for deep
PDT in the future.

B EXPERIMENTAL SECTION

Chemicals and Synthesis. LaCl;-7H,0, TbCl;-6H,0, and NH,F
were all purchased from Aladdin Chemical Reagent Co. Ltd. 1,3-
Diphenylisobenzofuran (DPBF) and Rose Bengal were bought from
Sigma-Aldrich. All these chemicals were used as received without any
treatment. LaF;:Tb ScNPs were synthesized with a hydrothermal
method. Typically, certain amount of LaCl;-7H,0 and TbCl;-6H,0
with different molar ratio was dissolved in deionized water. Under

vigorously stirring, NH,F with four times that amount of Ln®" was
dissolved in water and subsequently added dropwise by a pump within
30 min. The reaction was maintained for another hour after the
completely adding of NH,F. The gained solution containing
nanoparticles were then transferred into a Teflon bottle held in a
stainless steel autoclave and sealed. As the autoclave was cooled to
room temperature naturally after the reaction, products were separated
and washed by centrifugation. The obtained products were dried at 60
°C in oven overnight.

Characterization. Dynamic light scattering (DLS) measurements
were done using Nanozs90 (Malvern, U.K.) instrument at a single
scattering angle (90°). Wide-angle X-ray diffraction (XRD) measure-
ments were carried out on a D8 Advance (Bruker, U.S.A.) X-ray
diffractometer. The X-ray source was Cu Ka = 1.5418 A and
measurements were performed over the 26 range 20° to 60° at a
scanning rate of 6°/min. Transmission electron microscopy (TEM)
images, high-resolution TEM (HRTEM) images, scanning electron
microscope (SEM), and energy-dispersive X-ray spectroscopy (EDX)
analysis of the nanocrystals were obtained with a Tecnai G2 F30 (FEL
Holland) transmission electron microscope. Inductively coupled
plasma atomic emission spectrometry (ICP-AES) analysis was carried
out using an Optima 4300DV (PerkinElmer, U.S.A.) ICP-AES to
measure the Ln®* jon concentration. Fluorescence spectra were
acquired on F-4500 (Hitachi, Japan) fluorescence spectrometer.
Fluorescent lifetime measurements were performed with excitation
at 375 nm on a FLS 920 fluorescence system (Edinburgh Instruments,
U.K.). Nitrogen adsorption—desorption isotherms were measured on a
Micromeritics ASAP 2020 (Micromeritics Instrument, U.S.A.). The
Brunauer—Emmett—Teller (BET) method was utilized to calculate the
specific surface area. The pore-size distribution was derived using the
Barrett—Joyner—Halanda (BJH) method. The X-ray excited lumines-
cence spectra were measured on a homemade, named SicOmni-X, X-
ray excited luminescence spectrometer, which is equipped with a FS0—
100 II tube (tungsten target, 7S kV, 20 mA) and Hamamatsu R92828
PMT (Shanghai Institute of Ceramics, Chinese Academy of Sciences).
All measurements were carried out at room temperature.

RB Loading and '0, Detection. LaF;:Tb nanoparticles with a
concentration of 10 mg/mL in deionized water were added with
different amount of RB. After one-night stirring, the products were
washed for several times and the emission spectrum and fluorescence
lifetime were measured. DPBF was used to detect the generation of
'0,. A certain amount of DPBF was mixed with LaF,;:Tb-RB
nanocomposites. After different irradiation time, the fluorescence
spectra of DPBF were recorded.

Bl RESULTS AND DISCUSSION

Synthesis and Formation Mechanism for Mesoporous
LaF3:Tb ScNPs. Mesoporous LaFy:Tb nanoparticles were
prepared by a facile hydrothermal method in two steps. In
the first step, the precursors Ln** and F~ reacted under
vigorously stirring to form intermediates. In the second step,
the intermediates were treated with high temperature and
pressure to crystallize and mesopores were formed during this
process. As can be seen from the SEM and TEM images in
Figure 1, as-synthesized nanoparticles were uniform in size with
regular hexagonal or sphere-like shapes and exhibited obvious
porous structure. The size of the nanoparticles was calculated to
be about 38.9 nm from TEM images and 70.2 nm from DLS
measurements with a very low Polydispersity Index (PdI) value
at 0.09 (Supporting Information, SI, Table S1), illustrating the
high monodispersity of the products. As displayed in SI Figure
S1, the hydrated size and polydispersity did not change within
24 weeks. In fact, after one-year storage under room
temperature, no sediment or opacities were observed. Although
no catalyst, surfactant, or template was used in this study during
the synthesis procedure, the obtained nanoparticles exhibited
wonderful water dispersibility and ultra colloidal stability. The
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Figure 1. Characterization of mesoporous LaF;:Tb ScNPs: (a) TEM
image, (b) SEM image, (c) HRTEM image and SAED pattern, (d)
XRD pattern, and (e) Nitrogen adsorption—desorption isotherms and
pore-size distribution (insert) curve.

reason for this can be attributed to the existence of large
number of unsaturated Ln®" at the surface of the nanoparticles,
making them positively charged and highly stable in water. As
can be seen from the XPS analysis (SI Table S2), the molar
ratio of F to Ln at the surface of the nanoparticles is much less
than 3:1. This result indicates that there must be some dangling
bonds of Ln** ions and part of them have coordinated with
H,0.

Sophisticated structural information on the mesoporous
nanocrystal was acquired through HRTEM analysis, as it is
shown in Figure lc. Pores with different sizes were clearly seen
and widely distributed. Distinct lattice fringe patterns were
obvious even in the pore area, indicating the highly crystalline
nature of the nanocrystals. Lattice spacing value was measured
to be 0.32 nm (as shown in the top right corner),
corresponding to d-spacing of (111) plane in hexagonal LaF;.
SAED pattern taken from a single particle (inset of Figure 1c at
bottom right corner) implied the well-defined single-crystalline
nature of the products. The positions of the XRD peaks were all
in good agreement with the hexagonal phase structure of bulk

LaF, crystals (JCPDS Card 32—0483), which was consistent
with the results obtained from HRTEM analysis. The
nanoparticles were composed with only La, Tb, and F, and
the atomic ratio was exactly in agreement with the expected
stoichiometry (SI Figure S2).

Nitrogen adsorption—desorption isotherms were employed
to further investigate the nature of the porosity. The isotherm
shown in Figure le was a typical type II curve, indicating the
presence of mesopores proved by the hysteresis of the
desorption. The BET surface area calculated from the curves
was about 21.33 m?/g. Barrett—Joyner—Halenda (BJH)
analysis was applied to estimate the pore-size distribution,
from which it could be seen that the pore size was mainly
located in the region of several to a dozen nanometer, which
was consistent with the TEM and SEM results. The unique
mesoporous structure makes it possible for LaF;:Tb scintillat-
ing nanoparticles to be ideal drug carriers through a facile pore
encapsulation strategy.

In order to figure out the formation mechanism of
mesoporous LaF;:Tb nanoparticles, we studied the effects of
hydrothermal temperature and reaction time on the size,
morphology, and crystallization of the products. Figure 2 shows
the typical TEM images and XRD patterns of LaF;:Tb
nanoparticles synthesized under a hydrothermal temperature
at 200 °C with different duration time (0 h, 0.5h, 1 h, 2 h, 4 h,
12 h, 72 h). From the TEM images, it was clear to see that the
size and morphology changed significantly with the prolonged
reaction time. Before hydrothermal treatment, the products
were composed of large particles with diameters at 30 nm and
small ones at 8 nm. When we took a careful insight into the
larger ones with higher magnification, the particles were
actually the aggregates of smaller nanocrystals. The coarse
surface suggested a poor crystallinity, which was consistent with
the low signal-to-noise ratio in XRD results, as shown in Figure
2b. After being treated with high temperature and high pressure
for 1 h, small crystals disappeared. The particles became
uniform, and small pores appeared. These results indicated that
the small crystals aggregated and assembled to larger particles
after a short hydrothermal time. Expending the reaction time to
2 h, the pores grew larger, and the shape of the particles
changed from sphere to hexagon. Raising the reaction time to 4
h, the particles evolved completely to hexagon with uniform
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Figure 2. TEM images (2) and XRD patterns (b) of mesoporous LaF;:Tb ScNPs synthesized at 200 °C with different duration time: 0 h, 1h, 2 h, 4

h, 12 h, and 72 h.
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size. Further prolonging the hydrothermal reaction would not
change the morphology of the nanoparticles any more except
for the slight increase in size. As shown in SI Table S1, the
particle size was increased from 25 nm before hydrothermal
treatment to 45 nm after 72-h hydrothermal reaction.
Increasing the hydrothermal temperature from 100 to 200 °C
did not contribute much to the size and morphology of the
nanoparticles, except for the increase of pore size (SI Figure
S3).

On the basis of the experimental results obtained above, the
formation mechanism of mesoporous LaF;:Tb nanoparticles is
proposed and illustrated in Figure 3. At the initial stage before
hydrothermal treatment, massive small nuclei appeared owing
to the reaction of Ln*" and F~ precursors. With the addition of
F~, these nuclei, which possess high surface free energy were
increasing more and more. For the purpose of lowering the
total surface energy, they tended to accumulate to form
irregular cluster-like aggregations without a preferential growth
orientation as it can be seen from the TEM image in Step 3. It
should be noted that the as-formed large particles did not show
any crystallite coarsening. Treated with high temperature and
high pressure, two adjacent small nuclei in these aggregative
assemblies coalesced in the interface while the same crystallo-
graphic orientation appeared at the joint. This process was
called self-recrystallization. Crystal fusion was restricted at the
interface of mismatched Ilattices which gave rise to the
generation of mesopores within the nanoparticles. Meanwhile,
the aggregated nanocrystals underwent a local Ostwald ripening
process, during which small crystals existed in the solution or at
the edge of pores with relatively high surface energy dissolved
and redeposited onto the surface of larger crystals resulting in
the expansion of pores and gradual increase of particle size as
well as the enhancement of crystallization. From the view of
thermodynamics, the growth rate of the nanocrystals along each
direction was different due to the difference of surface energy at
each face, which eventually resulted in the formation of
hexagon structure.

The mechanism of porous structure formation for
lanthanide-doped nanoparticles has previously been reported
by Wang and colleagues,® who synthesized mesoporous
NaTbF, nanorice in the presence of ethylenediaminetetraacetic
acid (EDTA). They attributed the pore formation to the effect
of EDTA on the assembly behavior of small original crystals.

12264

However, as the results shown here, mesoporous nanoparticles
can be obtained as well without EDTA. So we preferentially
concluded that the formation of mesoporous structure under
hydrothermal process was the intrinsic property of lanthanide
ions but controlled by reaction parameters and doping
component. In Wang’s work, the nanopores were uniform in
size (approximate 3—S5 nm) and distributed homogeneously on
the surface of particles, which was quite different from the
results reported here. The pore size of our SctNPs was highly
heterogeneous. The difference can be attributed to EDTA
which served both as the chelating ligand to control the
reaction rate and the capping agent to affect the facet growth
and assembly behavior. Benefitting from the favor of EDTA, the
crystals assemble regularly and only specific facet can fuse with
other particles. The space between original crystals is restricted
during the aggregation process. As a result, the nanopores
formed are uniform in size and distributed homogeneously.
Without EDTA, the original crystals are almost the same at any
facet, so they will assemble and fuse with other particles around,
randomly resulting in reduced restriction of space between
crystals. With the favor of the minimization of interfacial
energy, heterogeneous pores are formed. The widely
distributed pores of our nanoparticles facilitate the loading of
hydrophilic molecules, such as some organic dyes, antitumor
drugs, as well as PSs.

The luminescence properties of the nanoparticles were
measured at room temperature, as shown in Figure 4. The
excitation spectrum was obtained by monitoring the emission
of Tb*D,—"F transition at 544 nm. The peaks were assigned
to the transitions of electrons from "Fg ground state to different
excited states within the *Fy configuration, 303 nm (*Hg), 319
nm (°Dy), 342 nm (°G,), 353 nm (°D,), 370 nm (°Gg), and
375 nm (°D;), respectively.** Under the stimulation of UV light
(375 nm) or X-ray, a prominent green emission band was
observed at 544 nm along with three minor satellite peaks at
493, 588, and 622 nm. This typical emission of Tb* was due to
the transitions between the excited *D, state and the 7FJ (J=
6—3) ground states. It was important to note that same
spectrum was obtained under both UV and X-ray excitation
modalities. Thus, UV light could be applied as excitation energy
instead of X-ray in some research experiments. It is difficult to
calculate the fluorescence quantum yield of the nanoparticles
under the irradiation of X-ray. Therefore, we cannot compare
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Figure 4. Luminescence properties of mesoporous LaF;:Tb ScNPs.

the scintillating luminescence efficiency of our sample to that
reported by other researchers. However, the X-ray-stimulated
luminescence spectrum in our work exhibited relatively higher
signal-to-noise ratio, and a smoother curve was obtained.
Moreover, the mesoporous ScNPs showed rough resistance to
photobleaching with less than 2% decrease of fluorescence
intensity after 1-h continuous irradiation, as shown in SI Figure
S4.

As mentioned above, the luminescence of LaF;:Tb ScNPs
was derived from Tb**. It is reasonable to recognize that the
doping concentration of Tb** will affect the luminescence
intensity of ScNPs. Samples with Tb** doping ratio varying
from 0% to 100% (element concentration ratios are showed in
SI Table S3) were prepared to investigate the effect of Tb**

ratio on the synthesized particles. Typical TEM images and
XRD patterns are displayed in Figure 5, from which it can be
seen that the obtained nanoparticles changed from hexagon at
low Tb** doping to sphere at middle doping and then to rod at
high Tb** doping. Gradual increase of particle size was
observed from both TEM and DLS analysis (SI Table S3).
Porous abundance was obviously decreased with the increasing
of Tb*" doping concentration. The size of the pores was also
reduced from 12 nm without Tb** doping to 4 nm with 60%
Tb* doping. Changing in morphology might be attributed to
effect of the crystal growth rate by Tb** doping through surface
charge modification.*® XRD analysis of the samples with Tb**
doping lower than 60% was in good agreement with the pure
hexagonal phase of LaF; (JCPDS 32-0483), except for the
slight shifting of diffraction peaks to a larger angle along with
the increase of doping ratio. The reason for the shifting was
that more and more La®" ions in the crystal lattice were
replaced by Tb** which possesses a smaller ion radius, resulting
in the reduction of unit-cell volume.>®> When increasing the
Tb*" doping ratio to higher than 60%, the crystal structure of
the nanoparticles was gradually transformed from the hexagonal
phase to an orthorhombic phase (as shown in SI Figure SS).
The crystal phase also has a heavy influence on the scintillating
luminescence of ScNPs. As it was reported by Kennedy and
colleagues, the NaGdF,:Eu nanoparticles with cubic crystal
structure showed only half the fluorescence intensity of
hexagonal crystals.*®

Figure Sc shows the change of scintillating luminescence
intensity of different Tb**-doped samples at 544 nm. Under the
excitation of X-ray, the luminescence intensity had a sharp rise
with the increasing of Tb*" ratio at initial stage and reached the
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Figure 5. Characterizations of mesoporous LaF;:Tb ScNPs with varied Tb** doping ratio (0%, 2%, 5%, 8%, 10%, 20%, 40%, and 60%): (a) TEM
images, (b) corresponding XRD patterns, and (c) luminescence intensity at 544 nm under UV and X-ray stimulation.
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peak value at 10% Tb*" doing. Beyond that, the luminescence
intensity decreased with the addition of Tb*". Ton doping has
multiple effects on luminescence behaviors. Specifically speak-
ing, when the doping ratio was less than 10%, the concentration
of luminescence centers rose with the increasing of Tb** doping
and the distance between Tb** ions was getting closer which
would result in less energy loss in excitons (electron—hole
pairs) migration, leading to higher fluorescence intensity. On
the contrary, continuously increasing Tb** doping ratio might
cause self-quenching of Tb** activators, which was responsible
for the decreased luminescence intensity at doping ratio
between 10% and 60%. For UV light stimulated luminescence,
the evolution of luminescence intensity at 544 nm was
analogous to that under X-ray excitation. With the increasing
Tb* doping ratio, the luminescence intensity of SCNPs had a
sharp rise and then a slow decrease. The maximal value was
achieved at 20% Tb*" doping, which was a sharp contrast to the
peak ratio of 10% under X-ray excitation. This discrepancy
might be explained by the different luminescence mechanisms
of LaF;:Tb nanoparticles under these two excitation modalities.
Therefore, the optimized scintillating luminescence could be
obtained under 10% Tb** doping. Actually, different hydro-
thermal treatments also have a significant influence on the
fluorescence intensity of ScNPs (as shown in SI Figure S3d and
S6). It was found that the emission intensity increased with the
hydrothermal temperature and treating time. The enhanced
fluorescence can be contributed to the enhancement of
crystallinity and the slight increase of the particle size.*”

So far, a large number of lanthanide-doped oxide, phosphate,
vanadate, and fluoride nano/microcrystals have been exten-
sively studied as optical host matrix materials. Among which,
LaF; has been proven to be one of the ideal host candidates
owing to its special advantages, such as high resistivity, excellent
thermal and environmental stability, and especially low
vibrational energy.SS_40 These advantages will result in
decreased quenching of activators and enhanced scintillating
luminescence.

Construction of LaF;:Th-RB Nanocomposites for Deep
PDT. To struggle for optimal XE-PDT eflicacy, construction of
proper SCNP-PSs FRET pairs with good spectrum overlap is a
promising avenue to success. Owing to the porous structure of
the synthesized LaF;:Tb ScNPs, hydrophilic PSs could be
simply loaded within the pores to establish a XE-PDT system.
Here, RB was chosen as the PS based on the consideration of
spectrum match and 'O, generation. RB is a water-soluble PS
with !0, quantum yield as high as 0.75.*' And clinically, it is
already used as a topical ophthalmlc diagnostic agent without
observable side-effects in humans.*” Most importantly, the main
absorption of RB at 549 nm overlaps exactly with the main
emission band of LaF;:Tb ScNPs at 544 nm, as shown in SI
Figure S7. Actually, spectral overlap integral, J(1), can be
calculated with the following formula:

[ PLy(A)gy(A)A* dA
[ PLp(2) di

J() =

where PLj, is the emission spectrum of the donor, €, is the
absorption coeficient of the acceptor at the wavelength 4. And
the J(A) value of LaF;:Tb-RB is calculated to be 1.468 X 107"
Mcm™!, which means there is a good overlap between the
emission of donor and the absorbance of acceptor. As LaF;:Tb
nanoparticles exhibit a similar emission spectrum under both

UV and X-ray irradiation, efficient energy transfer will be
expected in both excitation modalities.

As we know, assembly behavior has a heavy influence on the
efficiency of FRET in XE-PDT, and several loading approaches
such as covalent conjugation and physical loading have been
employed.**** In this study, the FRET system for XE-PDT was
fabricated by a simple pore embedding method, as depicted in
Scheme 1. In this way, tedious modification and conjugation

Scheme 1. Construction of Mesoporous LaF;:Tb-RB
Nanocomposites and Their Potential Application in Deep
PDT
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procedures are avoided. RB molecules are encapsulated inside
the particles, resulting in closer distance between Tb**
activators in crystals and RB in pores. In the FRET process,
the efficiency is known to be distance dependent, which is
proportional to the sixth power of the donor—acceptor
distance.*>*® Thus, this creative loading approach will
contribute greatly toward acquiring high FRET efficiency.

After the loading of RB molecules, fluorescence spectra of
LaF;:Tb nanoparticles varied significantly, as shown in Figure
6a. The broad emission band of RB, which centered at 585 nm,
was gradually enhanced at the expense of LaF;:Tb emissions
centered at 489 nm and 544 with increasing of RB
concentration. The decrease of LaF;:Tb emission and
simultaneous increase of RB fluorescence indicated the
presence of FRET between LaF;:Tb nanoparticles and RB
molecules. The FRET efliciency from donor to acceptor can be
calculated according to the following equation:

E=1- 1D

Fpa

where Fp and Fp, are, respectively, the corresponding
luminescence intensities of the donors in the presence and
absence of the acceptor at the same donor concentration.
Figure 6¢ depicted the FRET efficiency increased successively
with the RB concentration. A FRET efficiency as high as 0.85
could be achieved, which indicated that RB molecules could be
considered as efficient acceptors for LaF;:Tb ScNPs.

The efficient energy transfer from LaF;:Tb ScNPs to RB
molecules can be further confirmed by time-resolved decay
analysis. Luminescent dynamics of LaF;:Tb at 544 nm was
measured in the absence and presence of RB with different
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Figure 6. Fluorescence analysis of ScNP-PSs nanocomposites. (a) Successive change of emission spectra of LaF;:Tb-RB FRET pair with the
increasing of RB loading amount. (b) Fluorescence delay curves of LaF;:Tb-RB nanocomposites monitored at 544 nm with difference RB

concentration. (c) FRET efficiency as a function of RB concentration.

concentration. The obtained curves were fitted with a single
exponential decay law and the results were displayed in Figure
6b. For LaF;:Tb ScNPs without RB loading, the lifetime was
calculated to be 3.48 ms. After the loading of RB, the lifetime of
LaF3:Tb at 544 nm was dramatically decreased with the
increasing RB concentration. The results further demonstrated
the occurrence of energy transfer from LaF;:Tb to RB. Similar
to fluorescence intensity, excited-state lifetime could be utilized
to calculate the FRET efliciency,
E=1- 1
Tpa

where 7p and 7, are, respectively, the corresponding lifetime
of donor in the presence and absence of acceptor. As it is
shown in Figure 6c, the calculated FRET efficiency was close to
the value obtained from the fluorescence intensity.

To further demonstrate the potential of utilizing the
LaF;:Tb-RB nanocomposites for PDT, 'O, generation was
tested. DPBF is a commercial molecule probe for the detection
of '0, production. In the presence of '0,, DPBF was oxidized,
accompanied by the quenching of fluorescence.*” The
fluorescence spectra of DPBF treated with LaF;:Tb-RB
nanocomposites after different irradiation time were recorded.
It was found that the fluorescence intensity decreased gradually
with the prolonging of irradiation time, indicating the
continuous production of 'O,. At the same time, control
experiments were carried out to confirm whether the
generation of 'O, was originated from direct activation of RB
or via FRET process. Figure 7 shows the quenching of DPBF
fluorescence by LaF;:Tb ScNPs, RB and LaF;:Tb-RB nano-
composites, respectively. The concentration of LaF;:Tb ScNPs
and RB was adjusted to be the same as the nanocomposites. RB
alone could induce about 40% quenching of fluorescence due
to the direct activation of RB, while the quenching induced by
LaF;: Tb-RB nanocomposites was found to be about two times
higher than that by RB alone. LaF;:Tb ScNPs alone nearly
would not induce the generation of 'O,. The results
demonstrated that a high percentage of 'O, was produced via
FRET process for LaF;:Tb-RB nanocomposites. As we know,
'0, generation is the key point in photodynamic cancer therapy
which can induce significant cell damage via apoptotic, necrotic,
and autophagy-associated pathways.” Thus, enhanced PDT
cytotoxicity can be expected when LaF;:Tb-RB nanocompo-
sites are applied in tumor treatment.
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Figure 7. Decrease of emission intensity of DPBF treated with
LaF;:Tb ScNPs, RB, and LaF;:Tb-RB nanocomposites, respectively,
after different irradiation time.

B CONCLUSIONS

In this work, mesoporous LaF;:Tb scintillating nanoparticles
were synthesized with a user-friendly and facile hydrothermal
method. The formation of mesopores can be attributed to self-
recrystallization and local Ostwald ripening based on the theory
of classical thermodynamic. After a detailed investigation, it was
found that crystal composition, structure, and morphology had
a significant effect on the scintillating luminescence of the
nanoparticles. The optimized ScNPs can emit strong green
luminescence under both UV light and X-ray excitation. With a
simple pore loading approach, Rose Bengal was encapsulated
within ScNPs to establish a LaF;:Tb-RB FRET system, which
possesses several advantages including well definite nanostruc-
ture, optimized scintillating luminescence, admired spectrum
overlap, simple drug loading approach, high FRET efficiency,
good water solubility, and ultra colloidal stability. Under
external irradiation, plenty of 'O, can be generated indicating
the potential application of this smartly designed system in XE-
PDT for deep-seated tumor treatment. More studies to validate
the X-ray activated PDT effects of LaF;:Tb-RB system are
underway. It is believed that this system will provide a new
avenue to succeed in deep PDT.

B ASSOCIATED CONTENT

© Supporting Information

The change of Z-average and polydispersity of LaF;:Tb
nanoparticles within 24 weeks under room temperature (Figure
S1); energy dispersive X-ray spectrum of LaF;:Tb ScNPs
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(Figure S2); TEM images, XRD patterns and fluorescence
emission spectra of ScNPs synthesized under different
hydrothermal temperature (Figure S3); relative fluorescence
intensity of LaF;:Tb nanoparticles with continuous irradiation
(Figure S4); XRD patterns of LaF;:Tb nanoparticles with 80%
and 100% Tb** doping (Figure SS); emission spectra of
LaF;:Tb nanoparticles prepared with different hydrothermal
treating time (Figure S6); the spectrum overlap between
luminescence of LaF;:Tb nanoparticles and absorption of RB
(Figure S7); Z-average, polydispersity and size from TEM of
LaF;:Tb nanoparticles synthesized with different hydrothermal
time (Table S1); element contents at the surface of LaF;:Tb
ScNPs obtained from XPS measurement (Table S2); Z-average,
polydispersity, size from TEM and Tb ion ratio of LaF;:Tb
nanoparticles synthesized with different Tb doping (Table S3).
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsami.Sb03067.
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