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Abstract: Lanthanide-doped upconversion nanoparticles
(UCNPs) have shown great promise in bioapplications.
Exploring new host materials to realize efficient upconversion
luminescence (UCL) output is a goal of general concern.
Herein, we develop a unique strategy for the synthesis of novel
LiLuF,:Ln*" core/shell UCNPs with typically high absolute
upconversion quantum yields of 5.0 % and 7.6 % for Er'* and
T, respectively. Based on our customized UCL biodetec-
tion system, we demonstrate for the first time the application of
LiLuF;:Ln*" core/shell UCNPs as sensitive UCL bioprobes
for the detection of an important disease marker f3 subunit of
human chorionic gonadotropin ($-hCG) with a detection limit
of 3.8 ngmL~", which is comparable to the 3-hCG level in the
serum of normal humans. Furthermore, we use these UCNPs in
proof-of-concept computed tomography imaging and UCL
imaging of cancer cells, thus revealing the great potential of
LiLuF,:Ln*" UCNPs as efficient nano-bioprobes in disease
diagnosis.

Lanthanide-doped upconversion nanoparticles (UCNPs)
have evoked considerable interest owing to their superior
features, such as high photochemical stability, large anti-
Stokes shifts, long photoluminescence (PL) lifetimes, and low
toxicity, which make them extremely suitable for use as
alternatives to conventional downshifting luminescent biop-
robes such as organic fluorescent dyes or quantum dots for
various bioapplications.!! Along with the remarkable light
penetration depth and the absence of autofluorescence in
biological specimens under near-infrared (NIR) excitation,
these UCNPs are ideal for use as luminescent nanoprobes in
biodetection and bioimaging.”! Currently, the major bottle-
neck of UCNPs lies in their low upconversion (UC) quantum
yield (QY), which is primarily ascribed to the intrinsic
limitation of the host matrices and the surface quenching
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effect in colloidal dispersions. To make up for these deficien-
cies, growing a uniform shell with similar lattice constants is
considered to be an effective way to improve the UC
luminescence (UCL) efficiency of UCNPs.”! Therefore, it is
fundamentally important to develop a general approach for
the synthesis of high-quality core/shell UCNPs and explore
new host materials for lanthanide (Ln*") doping, in order to
achieve high UCL output and promote their applications in
biodetection and bioimaging.

Among diverse Ln**-doped inorganic nanoparticles
(NPs), fluoride crystals are known to possess a host lattice
of low phonon energies (<350cm™), which results in
decreased nonradiative relaxation and, in turn, yields a rela-
tively high UCL efficiency.”! The controlled synthesis, optical
properties, and bioapplications of LiL.uF,, which is a poten-
tially efficient host material for UCL, to the best of our
knowledge has not been reported before. Herein, we reveal
a strategy based on the successive layer-by-layer (LBL)
injection of shell precursors for the synthesis of LiLuF,:Ln*"
(Ln=Yb, Er, Tm) core/shell UCNPs through a thermal
decomposition route. The resulting core/shell UCNPs yield
enhanced UCL. To quantitatively evaluate the UCL effi-
ciency, we measured their absolute UC QY. By utilizing the
superior UCL of these LiLuF,:Ln*" core/shell UCNPs, we
demonstrate the sensitive detection of an important preg-
nancy and tumor marker, [ subunit of human chorionic
gonadotropin (f-hCG), in a heterogeneous UCL bioassay. We
also show the use of these nanoprobes in computed tomog-
raphy (CT)/UCL dual-mode bioimaging in proof-of-concept
experiments.

The LiLuF, crystal has a tetragonal structure (space group
I4,/a) with single site symmetry of S, for all Lu** ions.”! High-
quality LiLuF,:Ln*" core-only and core/shell UCNPs were
synthesized by a thermal decomposition method (Figure 1a).
The as-synthesized NPs were hydrophobic and can be readily
dispersed in a variety of nonpolar organic solvents, such as
cyclohexane, forming a transparent colloidal solution. Trans-
mission electron microscope (TEM) image shows that the as-
synthesized LiLuF,:Yb,Er core-only NPs were roughly rhom-
boid, with an average length of 28+ 1.5 nm (Figure 1b).
Compositional analysis by energy-dispersive X-ray spectros-
copy revealed the existence of Lu, F, and doped YD ions in
LiLuF,:Yb,Er (20/1 %) core-only NPs (Supporting Informa-
tion, Figure S1). In addition to the core-only NPs, core/shell
NPs with tunable shell thickness were also obtained through
epitaxial growth of inert LiLuF, shells on the core NPs
through the successive LBL injection of shell precursors
(Figure 1a; see also the Experimental Section in the Support-
ing Information). TEM images show an increase in particle
size for LiLuF,:Yb,Er@LiLuF, core/shell NPs obtained by
coating with 8- and 16-monolayer (ML) LiLuF, shells,
respectively (Figure 1¢,d). Upon successive shell growth, the
size of the core/shell NPs increased gradually from 28+
1.5nm (core-only) to 39.8+2.5nm (8ML) and 50.7+
2.8 nm (16 ML), which are in line with their narrower XRD
peaks (Figure S2). The morphologies of the core-only and
core/shell NPs were different from each other, owing to
anisotropic shell growth.’¥ The corresponding high-resolu-
tion TEM (HRTEM) images exhibit clear lattice fringes with
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Figure 1. a) Synthesis of LiLuF,:Ln*" core-only and core/shell UCNPs.

b—d) TEM images of LiLuF,:Yb,Er core-only (b) and core/shell UCNPs with

8 MLs (c) and 16 MLs (d). e—g) The corresponding HRTEM images for
(b—d).

observed d spacing of 0.46 nm for the (101) plane and 0.30 nm
for the (112) plane of tetragonal-phase LiLuF, (JCPDS No.
027-1251), thus verifying the high crystallinity of the UCNPs
(Figure 1e-g). Compared to the LBL method recently
developed by Zhang and co-workers,® our strategy is much
easier to handle without the need for the precipitation of core
NPs and the tedious alterative injection of different shell
precursors, thus providing a more convenient and general
synthetic method for core/shell UCNPs. More importantly,
due to the successive surface passivation, homogeneous shells
on the active core NPs can be expected, which was found to
effectively protect the UCNPs from surface quenching, as will
be demonstrated below.

Under 980 nm NIR laser irradiation, the colloidal cyclo-
hexane solution of the resulting UCNPs displayed intense
green (for Yb/Er co-doped UCNPs) or blue (for Yb/Tm co-
doped UCNPs) UCL, which became brighter with increasing
the shell layers (Insets of Figure 2a,b). UCL spectra show that
all NPs exhibited sharp and characteristic emission peaks,
which can be exclusively attributed to the intra-4f electronic
transitions of Er’* and Tm*". Upon increasing the shell layers,
the UCL intensity and lifetime of both Er*" and Tm*" were
found to increase markedly (Figure 2a,b; see also Figures S3
and S4, and Table S1). For example, the overall UCL intensity
was remarkably enhanced by a factor of about 5.6 and 14.4 in
LiLuF,:Yb,Er core/shell UCNPs with 8 and 16 MLs, respec-
tively, in comparison with their core-only counterparts; the
corresponding UCL lifetime of Sy, of Er’" increased from
0.14 ms to 0.60 and 0.87 ms, respectively. Both enhanced UCL
intensity and lengthened lifetime in core/shell UCNPs solidly
confirm the epitaxial surface passivation and the increased
isolation of the core from its environment.”” The absolute
UC QY, defined as the ratio of the number of emitted photons
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to the number of absorbed photons, was determined to be
0.11% for Yb/Er co-doped core-only UCNPs, and 3.6 %
and 5.0% for Yb/Er co-doped core/shell UCNPs with 8
and 16 MLs, respectively, upon 980 nm NIR laser excita-
tion at a power density of 127 Wem™. Similarly, the
absolute UC QY was determined to be 0.61 %, 6.7 %, and
7.6 % for their Yb/Tm co-doped counterparts. It should be
noted that the UC QYs for Yb/Er (or Yb/Tm) co-doped
core/shell UCNPs with 16 MLs are the highest, as com-
pared to those for Ln*'-doped fluoride UCNPs, ever
reported upon NIR excitation at equivalent power density
(Table S2).*+81  Such high UC QYs achieved in
LiLuF,:Ln*" core/shell UCNPs clearly demonstrate that
the LiLuF, crystal is a promising host material for UCL,
and are indicative of its potential use as sensitive UCL
bioprobes for versatile bioapplications.

To render the as-prepared UCNPs hydrophilic and
biocompatible, we removed the oleate ligands from their
surface by acid treatment.”] The successful removal of
surface ligands was confirmed by Fourier transform infra-
red (FTIR) spectra and thermogravimetric analysis (TGA)
of the NPs before and after acid treatment (Figures S5 and
S6). As a result, these ligand-free UCNPs showed much
better water solubility and can be steadily dispersed in
distilled water for months, even at a high concentration of
up to 80 mgmL~!, without any observable aggregation
(Figure S7). Such acid treatment had no noticeable influence
on the size and morphology of UCNPs (Figures S7 and S8).
Due to the deposition of uniform shells, derived from
successive injection of shell precursors, on the core NPs, the
ligand-free core/shell UCNPs with 16 MLs preserved the
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Figure 2. UCL spectra of a) LiLuF,: 20% Yb**, 1% Er’" and b) LiLuF,:
20% Yb*', 0.5% Tm** core-only and core/shell UCNPs with different
shell layers upon NIR excitation at 980 nm. The insets show the
corresponding UCL photographs under 980 nm NIR laser irradiation at
a power density of 20 Wem™2. ¢,d) UCL spectra for oleate-capped and
ligand-free LiLuF,:Yb,Er core/shell UCNPs with 8 MLs (c) and 16 MLs
(d). The insets show the corresponding UCL decays from *S,, by
monitoring the EF* emission at 540.5 nm.
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intense UCL of their parent NPs with a nearly unaltered UCL
lifetime ; this was remarkably different from those with 8 MLs,
where the UCL intensity and lifetime were found to decrease
significantly (Figure 2c,d; see also Figures S9-S11). In addi-
tion, due to the removal of surface ligands, positively charged
Ln*" ions were exposed on the surface of the ligand-free
UCNPs, leaving their colloidal solution a positive € potential
of +26.1 mV at pH 6.5 (Figure S12). As a consequence, these
ligand-free UCNPs are enabled for direct conjugation in
water with electronegative groups of hydrophilic and bio-
compatible molecules for various bioapplications.” !

By utilizing their superior UCL, we explored these ligand-
free UCNPs for heterogeneous UC-based biodetection after
conjugation with avidin. Thanks to the bare Ln*" ions on the
surface of the ligand-free UCNPs, the electronegative groups
of avidin can be conjugated to the surface of UCNPs through
electrostatic attraction. The appearance of amide bands in the
FTIR spectrum, and the differences in decomposition tem-
perature, weight loss, and & potential for NPs before and after
surface modification, revealed the successful conjugation of
avidin to the surface of the UCNPs (Figures S5, S6, and S12).
Consequently, these avidin-functionalized UCNPs could
capture the biotinylated biomolecules through the strong
avidin-biotin interaction."'! By virtue of the high specific
recognition of the captured molecules with the analytes, these
avidin-functionalized UCNPs can be used as UC-based
bioprobes for the detection of disease biomarkers in a hetero-
geneous bioassay.'” By utilizing our customized UCL bio-
detection system combined with a microplate reader, we
employed these avidin-functionalized UCNPs as UCL biop-
robes for the detection of trace amounts of 3-hCG through
specific antibody-antigen recognition, where the (-hCG
antigen was selected as analyte and the biotinylated 3-hCG
antibody was used to target the analyte for UCNP labeling.
The UCL bioassay of 3-hCG is illustrated in Figure 3 a, and f3-
hCG was quantified by measuring the integrated UCL
intensity of the UCNPs that were conjugated to the biotin-
ylated $-hCG antibody (which was itself bound to -hCG
antigen). The observed UCL signal gradually increased along
with the amount of B-hCG antigen bound to the well
(Figure 3b). For comparison, we conducted a nonbinding
control experiment by replacing the -hCG antigen with
bovine serum albumin (BSA) under otherwise identical
conditions. Because there is no specific binding between
BSA and the biotinylated f-hCG antibody, the UCL signal
was hardly detectable (Figure S13). The calibration curve for
UCL detection of the $-hCG antigen exhibits a nearly linear
dependence at 0-310 ngmL ™!, and tends to saturate when the
concentration exceeds 600 ngmL ™" (Figure 3c). The limit of
detection (LOD), defined as the concentration that corre-
sponds to three times the standard deviation above the signal
measured in the control experiment, is approximately
3.8 ngmL!, which is comparable to the B-hCG level in the
serum of normal humans.'® These results reveal the great
potential of the avidin-functionalized LiLuF,:Ln*" UCNPs as
a sensitive UC-based bioprobe for the detection of disease
markers.

Considering the high X-ray absorption capability of
lutetium from the matrix, and the intense UCL from the
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Figure 3. a) The process and principle of heterogeneous UCL detection
of B-hCG. b) UCL spectra of the bioassays using LiLuF,:Yb,Er@LiLuF,
core/shell UCNPs with 16 MLs as a function of 3-hCG concentration,
each data point represents an average of three measurements.

c) Calibration curve of UCL detection for the integrated UCL intensity
versus the concentration of -hCG. The control experiment was
conducted using BSA instead of the 3-hCG antigen as analyte under
otherwise identical conditions.

doped Ln*" emitters, these LiLuF,:Ln*" UCNPs may be used
in CT/UCL dual-mode bioimaging. As a proof-of-concept
experiment, we recorded in vitro phantom and color-mapped
CT images using an aqueous solution of ligand-free UCNPs in
concentrations of 0-39 mgmL~'. As the concentration of
UCNPs increased, the CT positive contrast enhancement
signals increased in both phantom and color-mapped CT
images (Figure 4a,b). To quantitatively evaluate the X-ray
attenuation capability of these UCNPs, we measured the CT
value, expressed in Hounsfield units (HU), of the UCNPs at
different concentrations. As shown in Figure 4c, the CT value
of the UCNPs at a concentration of 10 mgmL ™" is 149.4 HU,
which is higher than that of the commercial CT contrast
agent, iopromide (1354 HU at the same concentration).!'*!
These results indicate that LiLuF, UCNPs show great
promise as efficient CT contrast agents.

Furthermore, we employed LiLuF,:Ln** UCNPs for
targeted cellular imaging after coupling with the amino-
terminal fragment (ATF) of urokinase plasminogen activator
(uPA, an important marker of tumor biology and meta-
stasis).™ Human lung cancer cells (H1299) with uPA
receptors (UPARs) overexpressed on the membrane were
selected as the target cancer cells, and the specific recognition
capability of ATF-coupled UCNPs was examined by means of
confocal laser scanning microscopy (CLSM). Owing to the
high binding affinity between ATF and uPAR (K,
~0.28 nm),'! ATF-coupled LiLuF,:Yb,Er UCNPs can be
specifically targeted to H1299 cells after coincubation in
a culture medium at 37°C for 2 h. As a result, intense green
and red UCL signals of Er'" were observed surrounding
H1299 cells upon 980 nm NIR laser excitation (Figure 4d).
For comparison, we also conducted control experiments using
human embryo lung fibroblast (HELF) cells, in which the
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Figure 4. The phantom and color-mapped CT images of the a) cross
section and b) longitudinal section of the centrifuge tubes. c) The CT
value (HU) of aqueous solution of the ligand-free LiLuF,:Yb,Er@LiLuF,
core/shell UCNPs with 16 MLs at different concentrations. d) CLSM
images of (a1-a5) H1299 and (b1-b5) HELF cells after incubation
with ATF-coupled LiLuF,:Yb,Er@LiLuF, core/shell UCNPs with 16 MLs.
Panels 1-4 show the green UCL, red UCL, DAPI blue image, and
bright-field image, respectively. Panel 5 is the overlay image of panels
1-4.

expression of uPAR is low, under identical imaging condi-
tions. The green and red signals of Er** were hardly observed
on the surface of HELF cells, owing to the lack of specific
recognition between ATF-coupled UCNPs and HELF cells.
Likewise, when employing ATF-coupled LiLuF,:Yb,Tm
UCNPs as probes for targeted UCL imaging, we observed
intense blue and red UCL of Tm* on H1299 cells (Fig-
ure S14). The dark cytotoxicity and phototoxicity of ATF-
coupled UCNPs were measured on HELF cells using a cell
counting kit (CCK-8) assay. The cell viability was determined
to be greater than 90%, even at a high concentration of
1mgmL~' for ATF-coupled UCNPs, either in the dark or
upon 980 nm NIR light irradiation, for 2 min (Figure S15).
The high cell viability implies that ATF-coupled LiLuF,:Ln*"
UCNPs are biocompatible and virtually nontoxic to live cells.
These results clearly demonstrate that LiLuF,:Ln*" UCNPs
coupled with specific capture molecules for tumor markers
can be used as bioprobes in targeted UCL imaging of cancer
cells.

In summary, we have developed a facile strategy based on
successive LBL injection of shell precursors for the synthesis
of LiLuF,:Ln*" core/shell UCNPs. Due to the valid surface
passivation, the UCNPs yielded improved UCL, and the
absolute UC QY was significantly enhanced, with a record-
high value of 5.0% for Er** and 7.6 % for Tm®" in core/shell
UCNPs with 16 MLs. By means of our customized UCL
biodetection system, we employed the avidin-functionalized
LiLuF,:Yb,Er core/shell UCNPs as sensitive UCL bioprobes
for the detection of (-hCG, a disease biomarker with
a detection limit down to 3.8 ngmL™', which is comparable
to the B-hCG level in the serum of normal humans.
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Furthermore, we revealed the great potential of these
UCNPs as multimodal nanoprobes in CT/UCL bioimaging.
These findings may open up new avenues for the exploration
of LiLuF,:Ln*" UCNPs in versatile bioapplications. The facile
synthetic strategy we propose can be easily extended to the
synthesis of other highly efficient UCL nano-bioprobes.
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