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Lanthanide-doped luminescent nanoparticles (NPs) have
evoked considerable interest due to their superior features,
such as sharp f—f emission peaks, a long photoluminescence
(PL) lifetime, low toxicity, and high resistance to photo-
bleaching, which make them extremely suitable for use as
alternatives to organic fluorescent dyes or quantum dots for
various bioapplications.!! Particularly for in vivo bioimaging,
there are some rigorous requirements for bioprobes, such as
bright luminescence, small size, and biosafety.”) The use of
sub-10 nm NPs enables free access to intracellular compart-
ments and better clearance.”! For in vitro biodetection, sub-
10 nm nanoprobes are highly desired for homogeneous
bioassays based on distance-dependent fluorescence reso-
nance energy transfer (FRET).P!

Fluorides, owing to their high chemical stability and
intrinsic low phonon energies (< 350 cm ™), are considered as
the most efficient host materials for lanthanide (Ln*") doping
to achieve desirable upconversion (UC) or downshifting (DS)
luminescence.”! Among Ln*"-doped fluoride NPs, calcium
fluoride exhibits excellent biocompatibility.”! Currently,
owing to the surface quenching effect, it remains a challenge
to synthesize ultrasmall CaF,:Ln** NPs that are highly
emissive.’! Meanwhile, it is also difficult to control the
morphology of CaF, NPs when heterovalently doped with
Ln*" emitters in various amounts."! Therefore, the develop-
ment of an effective strategy for the fabrication of mono-
disperse and small-sized CaF,:Ln’* NPs with intense PL and
diverse Ln*" doping compositions for various bioapplications,
such as time-resolved (TR) PL biodetection and targeted
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bioimaging, is urgent. The TRPL assay, which eliminates the
interference of scattered light and other short-lived auto-
fluorescence from cells and tissues through time-resolved
detection, provides a background-free signal and thus offers
remarkably high sensitivity relative to that of conventional
fluorescence immunoassays.®! Most previous TRPL or TR-
FRET bioassays have been restricted to the use of molecular
probes, such as Ln>* chelates.® Only a few TR nanoprobes
based on Ln*"-doped inorganic NPs have been explored until
recently; however, such probes are limited to the detection of
avidin.”! The use of Ln**-doped inorganic nanoprobes for the
TRPL detection of tumor markers, such as urokinase
plasminogen activator receptor (uPAR), which is an impor-
tant type of tumor marker and over-expressed in a variety of
human cancer cells,'"” remains untouched so far.

Herein, we develop a strategy based on sodium codoping
for the synthesis of monodisperse and ultrasmall CaF,:Ln*"
(Ln=Ce, Tb; Yb, Er; Yb, Tm) NPs through a coprecipitation
route. We reveal the role of the sodium ion as a nucleator and
charge compensator in the synthesis and its importance for
the growth and optical properties of the NPs. The resulting
sub-10 nm CaF,:Ln*" core-only and core/shell NPs with
tunable shell thickness yielded enhanced DS and UC
luminescence (UCL). By utilizing ultrasmall CaF,:Ce,Tb
nanoprobes and their intense long-lived PL, we demonstrate
the sensitive detection of avidin in homogeneous TR-FRET
and heterogeneous TRPL bioassays. Finally, we describe the
use of these nanoprobes as sensitive TR-FRET probes for the
detection of the tumor marker uPAR and in uPAR-targeted
cancer-cell imaging.

High-quality CaF,:Ln*" core-only and core/shell NPs
were synthesized through a coprecipitation route. The as-
synthesized NPs were hydrophobic and could be dispersed
readily in a variety of nonpolar organic solvents, such as
cyclohexane. The resulting transparent colloidal solution
(Figure 1a) displayed intense green emission under irradia-
tion at 280 nm with an ultraviolet (UV) laser (Ce,Tb-doped
NPs), or yellow (Yb,Er-doped NPs) or blue emission (Yb,Tm-
doped NPs) under irradiation at 980 nm with a near-infrared
(NIR) laser (Figure 1b-d). TEM analysis showed that the as-
synthesized CaF,:Yb,Er core-only NPs were roughly spher-
ical with an average diameter of (3.8 +0.5) nm, as corrobo-
rated by the markedly broadened X-ray diffraction (XRD)
peaks (Figure 1e; see also Figure S1 in the Supporting
Information). The corresponding high-resolution TEM
(HRTEM) image clearly shows the high crystallinity of the
NPs (Figure 1i). The lattice fringes are very clear with an
observed d spacing of 0.31 nm, which is in good agreement
with the lattice spacing of the (111) plane of cubic-phase CaF,
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Figure 1. a) Photograph showing the transparency of the as-prepared CaF,:Ln*" (Ln=Ce, Tb; Yb, Er; Yb,
Tm) NPs dispersed in cyclohexane. b) DS-luminescence photograph of the as-prepared CaF,:Ce,Tb NPs
dispersed in cyclohexane under laser irradiation at 280 nm. ¢,d) UCL photographs of the as-prepared 1-ML
CaF,:Yb,Er@CaF, (c) and CaF,:Yb,Tm@CaF, core/shell NPs (d) dispersed in cyclohexane under NIR laser
irradiation at 980 nm. e-h) TEM and i-l) HRTEM images of the as-prepared CaF,:Yb,Er core-only (e,i) and
1-ML (f,j), 2-ML (g,k), and 3-ML core/shell NPs (h,l). m) HAADF-STEM image of 1-ML CaF,:Yb,Er@CaF,
core/shell NPs. n) Size distribution of CaF,:Yb,Er core-only and core/shell NPs as obtained from 200
particles in the TEM images. o) EDS pattern of CaF,:Yb,Er core-only NPs.

(JCPDS no. 87-0971). Compositional analysis by energy-
dispersive X-ray spectroscopy (EDS) and inductively coupled
plasma atomic emission spectroscopy revealed the existence
of Ca, F, and the doping Na, Yb, and Er ions in CaF,:Yb,Er
core-only NPs (Figure 10; see also Table S1 in the Supporting
Information). Interestingly, no noticeable variations in the
size and morphology of the NPs were observed when the Ln*"
content or the solvent ratio used in the synthesis was changed
(see Figures S1-S4), in remarkable contrast to the solvother-
mal method,” for which Ln*" doping was found to signifi-
cantly change the size and morphology of the NPs. However,
we found that the codopant Na* may play an important role in
the crystallization of the NPs: Codoping with Na* promoted
the nucleation process and enhanced the crystallinity of the
resulting NPs (see Figures S5 and S6).

Besides core-only NPs, core/shell NPs with superior UCL
could be obtained through epitaxial layer-by-layer (LBL)
growth. TEM images showed an increase in the particle size
of CaF,:Yb,Er@CaF, core/shell NPs obtained by coating with
1-, 2-, and 3-monolayer (ML) CaF, shells (Figure 11{-1).
During LBL shell growth, the size of the core/shell NPs grew
gradually from (3.8 £ 0.5) nm (core-only) to (7.5 +0.8) nm (1-
ML), (8.2+0.7) nm (2-ML), and (9.9 +0.8) nm (3-ML); the
increasing size of the nanoparticles is in line with their
narrower XRD peaks (Figure 1n; see also Figure S7). The
corresponding HRTEM images exhibit clear lattice fringes
with observed d spacings of 0.19 nm for the (220) plane and
027 nm for the (200) plane and thus indicate the high
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crystallinity of core/shell NPs
(Figure 1j-1). A high-angle
annular dark-field scanning
TEM (HAADF-STEM)
image of  the 1-ML
CaF,:Yb,Er@CaF, core/shell
NPs shows a discernible con-
trasted core/shell structure
(Figure 1 m). In this image,
the brighter regions corre-
spond to the heavier Yb*"
ions in the cores, and the
darker regions correspond to
the lighter Ca®" ions in the
shells.

Figure 2 shows the emis-
sion spectra, excitation spec-
tra, and PL decay for
CaF,:Ce,Tb NPs synthesized
with different Na* concentra-
tions. Upon excitation at
304 nm, a characteristic Tb**
emission assigned to the D, —
F, ¢ transition was detected
(Figure 2a). The overall PL
intensity ~ was  enhanced
remarkably as the Na® con-
centration increased. Typi-
cally, the PL intensity of NPs
synthesized with Na™ at a con-
centration of 2.5mM was
approximately 34 times that of the sodium-free NPs. The
absolute quantum yield, defined as the ratio of the number of
emitted photons to the number of absorbed photons,
increased from (9+1) to (51+1)%. This improvement
could be attributed to: 1)the aforementioned enhanced
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Figure 2. a) PL emission spectra and b) the corresponding normalized
emission spectra of CaF,:5%Ce’",5%Tb** NPs synthesized with
different Na™ concentrations upon excitation at 304 nm. c) Normalized
PL excitation spectra and d) PL decay from D, by monitoring the Tb*"
emission at 541.2 nm for NPs synthesized with different Na* concen-
trations.
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crystallinity of the NPs; 2) reduced concentration quenching
of Tb*" as a result of charge compensation by Na*;"! and
3) modification of the crystal-field environment of the
emitters, as evidenced by the marked changes in the
excitation bands for the transitions from the ground state to
the 5d state of Ce®" as the Na' concentration was increased
(Figure 2c¢). Furthermore, unusual sharp spectral-line split-
ting and an enhanced *D,—’F5/°D;—"Fy,5,; fluorescence
branching ratio were observed for Na*-codoped NPs (Fig-
ure 2b). The °D, decay of Tb*" varied from non-single-
exponential decay in the sodium-free NPs to single-exponen-
tial decay in NPs synthesized with Na* (2.5 mm), and the
corresponding effective PL lifetime was prolonged from
about 1.25 to about 12.0 ms (Figure 2d). These results further
confirmed the drastically different crystal-field environment
around the Ln*" dopants. To the best of our knowledge, such
a long PL lifetime, which is favorable for FRET-based
biodetection in vitro and bioimaging in vivo, has not been
reported in such small NPs before. Besides improved DS
luminescence, enhanced UCL was also observed for the
CaF,:Yb,Er@CaF, (and CaF,:Yb,Tm@CaF,) core/shell NPs:
the UCL intensity and lifetime of Er** (or Tm’") were found
to increase markedly as the number of MLs increased (see
Figures S8 and S9).

To render the hydrophobic CaF,:Ln*" NPs biocompatible,
we modified their surface with a hydrophilic ligand through
a ligand-exchange procedure.”? 2-Aminoethyl dihydrogen
phosphate (AEP) was used to replace the native hydrophobic
ligands on the surface of the NPs. The successful attachment
of AEP to the surface of the NPs was established by Fourier
transform infrared (FTIR) spectroscopy and thermogravi-
metric analysis (see Figures S10 and S11). These AEP-capped
NPs showed much better water solubility (see Figure S12).
More importantly, AEP-capped CaF,:Ce,Tb NPs preserved
the intense long-lived luminescence of their parent NPs with
a nearly unaltered PL lifetime of approximately 12.5 ms (see
Figure S13), which is the longest known for Tb**-based TR
luminescent bioprobes (see Table S2). In contrast to the
short-lived autofluorescence of biological tissues or organic
dyes, the long-lived PL of Ln*" can be distinguished readily
from the undesired background fluorescence by means of TR
detection (see Figure S14). For further biological applications,
AEP-capped NPs were conjugated to capture molecules, such
as biotin or the amino terminal fragment (ATF) of urokinase
plasminogen activator (uPA), which can bind specifically to
the analytes avidin (Ky=107° nm) and uPAR (uPA receptor,
K4~0.28 nm), respectively.'”! We conjugated biotin and ATF
to the surface of NPs by a recently developed facile
method.”™ The formation of amide bonds, as evidenced by
FTIR spectroscopy, and the different T potentials for aqueous
solutions (pH 6.9) of AEP-capped, biotinylated, and ATF-
coupled NPs revealed the successful conjugation of biotin or
ATF to the surface of the NPs (see Figures S10 and S15).

After conjugation with biotin, CaF,:Ce,Tb NPs were
further explored as heterogeneous TRPL bioprobes in an
avidin-biotin model. The process for a TRPL assay is
depicted in Figure 3a. Avidin was quantified by measurement
of the PL intensity of the NPs that were conjugated to avidin
(which was itself bound to the wells) through specific binding
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Figure 3. a) Schematic representation of the heterogeneous TRPL
detection of avidin. b) TRPL spectra of the bioassays with biotinylated
CaF,:Ce,Tb NPs as probes as a function of the avidin concentration.
c) Calibration curve for TRPL detection: integrated PL intensity versus
the concentration of avidin. The control experiment was conducted
with nonbiotinylated NPs as the bioprobes.

between avidin and biotin. The observed TRPL signal was
gradually enhanced as the amount of avidin was increased
(Figure 3b). For comparison, we conducted nonbinding con-
trol experiments by replacing the biotinylated NPs (or avidin)
with AEP-capped NPs (or bovine serum albumin (BSA))
under otherwise identical conditions; in this case, the TRPL
signal was hardly detectable (see Figure S16). The calibration
curve for the TRPL detection of avidin exhibits a nearly
linear dependence in the range of 0.3-10 nm and tends to
saturate when the concentration exceeds 10 nm. The limit of
detection (LOD), defined as the concentration that corre-
sponds to 3 times the standard deviation above the signal
measured in the control experiment, reached a record low
value of approximately 48 pm.®"

A  homogeneous TR-FRET assay with ultrasmall
CaF,:Ce, Tb NPs was also explored. Fluorescein isothiocya-
nate (FITC) and CaF,:Ce,Tb NPs were selected as acceptor
and donor labels, respectively, as the broad excitation peak of
FITC at 490 nm overlaps well with the *D,—"F, emission of
Tb*" at 491 nm (see Figure S17). By the use of biotinylated
NPs and FITC-labeled avidin, TR-FRET was built in the
avidin-biotin system. Thus, the excitation energy was trans-
ferred from CaF, NPs to nearby FITC as a result of the
specific binding between avidin and biotin. The principle
behind the homogeneous TR-FRET assay is illustrated in
Figure 4a. The concentration of avidin can be quantified by
measuring the ratio of the integrated PL intensities of FITC
and Tb*", as denoted by FITCs,/Tby,: a value of merit
derived from the deconvolution of the TR-FRET spectrum
(see Figure S18). The gradual enhancement of the FITC;,,
TR-FRET signal at the expense of the Tb,, signal as the
amount of avidin increased (Figure 4b) verified the specific
binding as well as the occurrence of FRET. In nonbinding
control experiments, the biotinylated NPs (or FITC-labeled
avidin) were replaced with nonbiotinylated NPs (or FITC-
labeled BSA) under otherwise identical conditions. Since no
specific binding occurred between AEP and avidin (or
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Figure 4. a) Schematic illustration showing the principle behind TR-
FRET detection. b) TR-FRET spectra of the bioassay with biotinylated
CaF,:Ce,Tb NPs as bioprobes as a function of the avidin concentration.
c) Calibration curve for TR-FRET detection: FITCs,0/Tbye ratio of the
integrated PL intensities versus the concentration of avidin. The
control experiments were conducted with nonbiotinylated NPs as
bioprobes. d) TR-FRET spectra of the bioassay with ATF-coupled
CaF,:Ce,Tb NPs as bioprobes as a function of the suPAR concentra-
tion. e) Calibration curve for TR-FRET detection: FITCs,/Tb,s versus
the concentration of suPAR. The control experiments were conducted
with non-ATF-coupled NPs as bioprobes. All spectra in (b) and (d)
were normalized at the maximum emission peak at 546 nm.

between biotin and BSA), the NPs and FITC were far apart in
the solution, and thus no FRET occurred. The negligibly low
FITCs,, TR-FRET signal detected (see Figure S19) indicated
the high specificity of the TR-FRET assay. The calibration
curve plotted for avidin concentrations between 0.1 and
430 nm shows that the TR-FRET signal of FITCs,/Tbyy
gradually increases with the avidin concentration but tends
to saturate at concentrations above 308 nm (Figure 4c). The
LOD derived from the calibration curve was approximately
164 pMm, which is the lowest detection limit ever reported for
UC- or TR-FRET bioprobes based on Ln**-doped inorganic
NPs (see Table S3). The remarkable improvement in the
LOD can be attributed to the long-lived luminescence (ca.
12.5 ms) and small particle size (ca. 3.8 nm) of CaF,:Ce,Tb
NPs that are advantageous in distance-dependent TR-FRET
biodetection.

Owing to the high detection sensitivity and separation-
free convenience of the homogeneous TR-FRET assay, we
further employed this system for the detection of soluble
uPAR (suPAR) with ATF-coupled NPs as TR-FRET probes.
The concentration of suPAR is quantified by the TR-FRET
signal of FITCs,/Tb,,. The FITCs,, was gradually enhanced
along with a decrease in the Tb,y, signal as the amount of
suPAR was inceased (Figure 4d). This trend verifies the
specific binding between ATF and suPAR and the occurrence
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of FRET. By contrast, in control experiments in which non-
ATF-coupled NPs (or FITC-labeled BSA) were used in place
of ATF-coupled NPs (or FITC-labeled suPAR) under other-
wise identical conditions, the TR-FRET signal was hardly
observed; this result indicates the specific binding between
suPAR and ATF (see Figure S20). The calibration curve
plotted for suPAR concentrations in the range of 0.5-800 nm
shows that the TR-FRET signal of FITCs,/Tby, increases
gradually with the suPAR concentration and saturates when
the concentration exceeds 571 nm (Figure 4¢). The LOD was
determined to be approximately 328 pm, which is comparable
to the suPAR level in the serum of cancer patients.'™ These
results indicate that ultrasmall CaF,:Ce,Tb NPs may serve as
sensitive TR-FRET bioprobes for the detection of trace
amounts of tumor markers such as suPAR.

By using ATF-coupled CaF,:Ce,Tb NPs, we designed
a proof-of-concept experiment for uPAR-targeted cellular
imaging. Human lung cancer cells (H1299) with uPAR over-
expressed were selected as the target cancer cells, and the
specific recognition capability of ATF-coupled NPs was
examined by means of confocal laser scanning microscopy
(CLSM). Owing to the high binding affinity between ATF and
uPAR, ATF-coupled NPs can be specifically targeted to
H1299 cells after coincubation in a culture medium at 37°C
for 2 h. As a result, bright green PL (green channel) of Tb*"
was observed on the H1299 cells upon excitation with a laser
at 488 nm (Figure 5a). We also recorded bright-field images
and blue-channel images, which showed the location of the
4’,6-diamidino-2-phenylindole-stained (DAPI-stained) cell
nuclei of the H1299 cells. An overlay of the green-channel,
blue-channel, and bright-field images showed unambiguously
that the bright Tb** signal originated from ATF-coupled NPs
bound to H1299 cells (Figure 5a). For comparison, a control
CLSM imaging experiment was carried out on human embryo
lung fibroblast (HELF) cells, in which the expression of uPAR
is low, under identical imaging conditions. The green PL of
Tb*" was hardly observed on HELF cells due to the lack of
specific recognition between ATF-coupled NPs and HELF
cells (Figure 5b; see also Figure S21). When we used ATF-

H1299

HELF

Figure 5. CLSM images of a) H1299 and b) HELF cells after incubation
with ATF-coupled CaF,:Ce, Tb NPs (0.5 mgmL™") at 37°C for 2 h. The
DAPI blue images (Aem=450-490 nm, A, =405 nm) indicate the
nuclear regions. Intense green PL of Tb*" (4., =500-560 nm,

Aex=488 nm) was observed almost exclusively in the H1299 cells. The
bright-field images outline the position of the cells. For each of the cell
types, the green-channel, blue-channel, and bright-field images are
overlayed for direct comparison on the far right.
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coupled CaF,:Yb,Tm@CaF, core/shell NPs for targeted UCL
imaging, we also observed intense UCL of Tm*" on H1299
cells (see Figure S22). The dark cytotoxicity, phototoxicity,
and real-time cytotoxicity of ATF-coupled NPs were further
assessed on HELF cells by means of cell-counting-kit (CCK-
8) and electric cell-substrate impedance sensing (ECIS)
assays.'¥! The cell viability was determined to be larger than
90 % even at a NP concentration as high as 500 pgmL™" (see
Figure S23). This high cell viability infers that ultrasmall
CaF,:Ln’" nanoprobes are biocompatible and nearly nontoxic
to live cells. Our results demonstrate that CaF,:Ln*" NPs
modified with specific capture molecules like ATF for tumor-
marker can be used as bioprobes in the targeted imaging of
cancer cells on the basis of DS or UC luminescence.

In summary, we have fabricated monodisperse and highly
emissive sub-10 nm CaF,:Ln*" core-only and core/shell NPs
through sodium codoping. The long-lived luminescence of
Ln’" and the small size of the NPs led to record-low LODs of
164 and 48 pm for the detection of avidin in homogeneous
TR-FRET and heterogeneous TRPL bioassays, respectively.
Furthermore, we employed ATF-coupled CaF,:Ce, Tb NPs as
sensitive TR-FRET probes for the detection of the important
tumor marker suPAR with a low LOD of 328 pMm, which is
comparable to the suPAR level in the serum of cancer
patients. We also demonstrated the successful use of
CaF,:Ln*" NPs in the uPAR-targeted DS- and UC-lumines-
cence imaging of cancer cells. These findings reveal the great
potential of ultrasmall CaF,:Ln*" nanoprobes in practical
bioassays for cancer diagnosis. The synthetic approach we
propose can be further extended to the synthesis of other
ultrasmall Ln*"-doped alkaline-earth fluoride nanoprobes,
such as SrF, and BaF, (see Figures S24 and S25).
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